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ABSTRACT
COARSE ROOT BIOMASS AND ARCHITECTURE: APPLICATIONS OF GROUND
PENETRATING RADAR
John Claude Bain
Old Dominion University, 2016
Director: Dr. Frank P. Day
The effectiveness of ground penetrating radar (GPR) to identify and quantify coarse
roots was tested in a mixed-oak forest in Southeastern Virginia using experimental pits and
locally excavated root segments. GPR was found to be highly dependent on low soil
moisture levels as it is unable to differentiate root structures if they possess similar
moisture content as their surrounding soil. Likewise, GPR was unable to identify simulated
dead roots. This does not alter the effectiveness of GPR to measure living coarse root
biomass, but does present the potential for underestimation of carbon storage in coarse
root structures, as a dead roots continue to store carbon. GPR was able to recognize and
quantify increasing root density suggesting an ability to quantify change in root mass over
time, but it was not able to reliably represent changes in root diameter.
Coarse root biomass estimation using GPR was conducted using a grid scanning
technique applied to sample plots located within multiple systems. GPR effectively
measured coarse root biomass across multiple systems, showing no significant difference
between estimated and observed coarse root biomass in a Virginia mixed-oak forest
ecosystem, a Florida scrub-oak ecosystem, or a Florida longleaf pine flatwoods ecosystem.
GPR appears to have difficulty with root structures near the surface, as it is not able to
reliably separate these structures from the soil-air interface.
Post-experimental disturbance effects were examined in a Florida scrub-oak
ecosystem, following an 11-year open-top chamber elevated CO2 experiment that
concluded in 2006 and had been abandoned for seven years. Aboveground harvest showed
a significantly higher regrowth two years post fire in previously elevated CO2 plots when
compared with plots that were kept at ambient CO2 levels throughout the duration of the
original experiment. No significant difference was found in coarse root biomass between
the two treatments; however, a non-significant trend of 12% higher biomass in the

previously elevated CO2 plots was found that coincided with a similar trend observed
during the original experiment. Long-lasting effects of elevated CO2 appear to exist within
this system, indicating an ability for plants to store additional carbon and to regrow more
rapidly following fire disturbance.
Carbon storage within coarse roots was examined in a Florida longleaf pine
flatwoods ecosystem as part of a larger, ongoing effort to quantify total carbon storage and
flux within multiple systems relative to longleaf pine restoration. Coarse root carbon
storage was estimated at 3.5 – 3.7 kg C/m2, suggesting large carbon storage potential
associated with longleaf pine restoration.
GPR is an effective, non-destructive tool for quantifying coarse root biomass and an
effective but limited tool for determining root architecture. Both applications of GPR are
highly dependent on user-determined settings during data collection and post-collection
processing, thus effective GPR application is highly dependent on the level of familiarity
possessed by the operator.
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CHAPTER 1
INTRODUCTION
Background
Plant roots are typically found belowground and thus have historically been the
least scrutinized aspect of plant ecology (Waisel et al. 2002). Roots perform numerous
essential functions such as nutrient and water uptake, structural support and anchorage, as
well as photosynthate and nutrient storage (Lyford and Wilson 1964, Lyford 1975, Fitter
1987, Berntson 1994). Roots exhibit branching patterns and diversity of branching similar
to that of their aboveground counterparts; however, they show less morphological
variation when compared with shoots due to the relative homogenous environment in
which they grow, despite performing at least as many necessary functions (Fitter 1987).
Root systems are typically divided into fine and coarse classes, based on diameter.
Fine roots have a diameter less than 2 mm, while coarse roots are those with larger
diameters. Rhizomes, burls, and lignotubers are large plant structures that can be found
belowground and have a primary function of facilitating sprouting (James 1984, Canadell
and Lopez-Soria 1998). Fine roots have been described as short-lived and are typically
dedicated to resource uptake (Lyford 1975, Vogt and Bloomfield 1991, Berntson 1994);
however, Stover et al. (2010) have shown that many fine roots are not short lived. Coarse
roots represent the majority of belowground mass, are long lived, and are primarily
responsible for structural stability and transport (Lyford and Wilson 1964, Lyford 1980,
Berntson 1994). Due to their longevity, coarse roots provide a substantial perennial carbon
sink compared to shoots, and coarse roots often persist much longer as they are often not
destroyed by aboveground disturbances like fire or tree harvest (Johnsen et al. 2001,
Ludovici et al. 2002, Johnsen et al. 2005, Miller et al. 2006).
In many ecosystems, ranging from grasslands to forests, roots account for between
40 and 85% of net primary production (Fogel 1985, Fitter 1987). Vegetation in forest
ecosystems is responsible for nearly 80% of sequestered carbon, with 10-65% of the
biomass existing belowground (Richter et al. 1999, Barton and Montagu 2004). Carbon can
be removed naturally from the atmosphere and stored in a number of sinks through carbon
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sequestration (Schlesinger 1999, Oren et al. 2001, Lackner 2003, Powlson et al. 2011).
Plants provide one of these avenues for carbon sequestration (Schlesinger 1999, Oren
2001, Lal 2004) by acquiring carbon through carbon fixation during photosynthesis (Black
Jr. 1973, Kramer 1981). Fixed carbon is held within the plant and is thus removed from the
atmospheric pool (Nilsson and Schopfhauser 1995, Lal 2004). These carbon molecules can
be transferred into the roots and may then enter the rhizosphere as a result of
decomposition, depositing them in the lithosphere (Lehman 2007). Several studies have
shown that in some ecosystems, large belowground plant structures (i.e. roots, rhizomes,
and lignotubers) are the primary long-term storage organs for carbon (James 1984, Norby
1994, Langley et al. 2002, Miller et al. 2006, Schroeder 2011). The magnitude of this avenue
of carbon sequestration, however, has been largely overlooked until recently and is only
beginning to be better understood as non-destructive techniques for measuring and
observing belowground biomass are developed and implemented (Jackson et al. 1996,
Neilsen et al. 1997, Johnsen et al. 2001, Ludovici et al. 2002, Butnor et al. 2003, Johnsen et
al. 2005, Robinson 2007).
Robinson (2007) has argued that substantially more carbon is stored in roots than
previously shown, particularly in tropical and temperate forests, shrublands, and
savannahs. He has calculated a pool of at least 268 Pg of carbon stored in roots within
terrestrial biomes, which is 68% larger than previous estimates (Saugier et al. 2001). This
discrepancy (40% underestimate on average) indicates a need to re-quantify the role that
roots, especially large roots, play in the global carbon cycle. Additionally, contemporary
carbon budgets from the 1980s and 1990s show an unknown terrestrial carbon uptake
(also known as the residual carbon sink) of somewhere between 2 and 4 Pg C yr-1 (Schimel
et al. 2001) that may be accounted for at least partially by this belowground underestimate.
Given that carbon invested in root structures is more likely to end up in long term
storage in the soil than carbon deposited on the surface via leaf and stem litter, Canadell et
al. (1996) suggested that elevated atmospheric CO2 may lead to increased carbon residence
time in the soil, an increased carbon sink potential of the soil, and create a negative
feedback for the climatic effects of elevated CO2. Additionally, in a long-term study of the
effects of elevated CO2 levels conducted at Kennedy Space Center (28°38'N, 80°42'W) in a
scrub-oak community, Stover et al. (2007) found that carbon sequestration was enhanced
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both above and belowground during eleven-years of CO2 enrichment and that the largest
sink of newly sequestered carbon was in large belowground plant structures.
Most inferences regarding system responses to disturbance are based on fine root
response, ignoring the role of large belowground structures (Hendrick and Pregitzer 1992,
Norby 1994, Waisel et al. 2002, Day et al. 2006); however, large belowground structures
are more likely to survive disturbances than fine roots (Silver and Vogt 1993). Langley et al.
(2002) showed that plants that survived disturbance were able to re-sprout by mobilizing
belowground nutrients stored in large belowground structures that were least likely to be
damaged. Canadell and Zedler (1995) have shown that shrub ecosystems have a unique
belowground morphology that includes large rhizomes, underground stems, and enormous
burls and lignotubers in addition to coarse roots. Estimates of belowground biomass in a
Florida scrub-oak ecosystem suggest that biomass and carbon pools are much larger (c.
8000 g m−2 of root mass to 60 cm depth) than many previously reported values (Jackson et
al. 1996, Robinson et al. 2003, Day et al. 2013). These large underground structures, which
may not typically exist in many forests or which are not commonly measured, represent
substantial mass and carbon storage potential; however, they have proven difficult to
measure repetitively over time (Cermak et al. 2000, Barton and Montagu 2004). Better
quantification of these structures would allow for more accurate carbon budgets in
woodland ecosystems and a better understanding of their role in carbon sequestration. A
more accurate and precise carbon budget for our planet becomes increasingly important as
atmospheric carbon levels continue to rise and the effects of climate change become
magnified, thus a reliable method for continuous and long-term observation of large
belowground structures is vital.

Methodological Limitations
Traditional methods for measuring root biomass, root architecture, and myriad
other root characteristics are difficult, labor-intensive, time-consuming and destructive
(Deans 1981, Oliveira et al. 2000, Polomski and Kuhn 2002, Reubens et al. 2007). The
difficult nature of root research and the disturbance of root systems that is necessary
inherently prevent effective long-term, in situ observation of roots. These difficulties have
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resulted in root systems and root growth being poorly defined relative to other areas of
plant ecology. Knowledge gaps in root ecology become particularly important when
considering root systems as valuable and potentially grossly underestimated carbon sinks
within the global carbon cycle.
A major limiting factor in understanding belowground processes and their role in
terrestrial carbon sequestration has been the use of destructive measurement techniques
(i.e. in-growth cores, soil cores, and pits) that inherently prevent temporal assessments in
long-term studies (Fitter and Strickland 1992, Nielsen et al. 1997, Bledsoe et al. 1999,
Fahey et al. 1999). To attempt to solve these limitations, a number of nondestructive
methods have been developed for measuring coarse roots, including radioisotope and
stable isotope labeling, sap flow approaches, as well as geophysical imaging techniques
(Bernston et al. 1995, Hruska et al. 1999, Cermak et al. 2008, Zenone et al. 2008, Leucci
2010). Nondestructive methods allow for long-term observation of coarse roots with a
minimum amount of disturbance and, when combined with small-scale destructive
methods for validation and calibration, have shown great potential (Guo et al. 2013).
Ground-penetrating radar (GPR) provides one nondestructive method for measuring
various aspects of belowground systems, that if utilized correctly has the potential to
eliminate the problem of disturbance. The ability to accurately and nondestructively
measure coarse roots over time could prove critical to understanding the role of roots in
belowground carbon sequestration.
The use of GPR for coarse root detection and quantification has shown substantial
promise and is rapidly expanding, but is still in its infancy and some conflicting conclusions
and limitations have been reported (Butnor et al. 2001, Barton and Montagu 2004,
Dannoura et al. 2008, Hirano et al. 2009, Cui et al. 2011, Guo et al. 2013). Butnor et al.
(2003) have pointed out that successful application of GPR is site-specific, thus
understanding what environmental factors may prevent accurate GPR data collection is
crucial. My research was conducted in mixed oak (Quercus spp) forests in southeastern
Virginia as well as long leaf pine (Pinus palustris) flatwoods and scrub-oak ecosystems in
central Florida to investigate the biomass and carbon storage potential of coarse roots in
multiple systems and under ambient and elevated levels of CO2.
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Study Objectives
Given the increasing need for accurate belowground carbon storage data in the face
of climate change and the potential role of coarse roots in belowground carbon
sequestration, this study sought to contribute to the existing carbon research knowledge
base via accurate quantification of coarse root biomass in multiple systems. The objectives
of the proposed research were to quantify multiple aspects of carbon pools in two Florida
ecosystems, including the site of a former long-term CO2 enrichment study.
Possible legacy effects from long-term CO2 enrichment that ended in 2007 were
investigated in a scrub-oak ecosystem at Kennedy Space Center on Merritt Island, Florida
(Day et al. 2013). Coarse root biomass was also measured in a pine flatwoods system at the
Disney Wilderness Preserve outside of Orlando as part of an ongoing carbon budget
analysis associated with longleaf pine flatwoods restoration efforts (Becker 2011). The
primary goals and questions of this study were explored through the following hypotheses:
Since the nutrients necessary to fuel plant regrowth following fire disturbance are
mobilized from large belowground structures (Langley et al. 2002), changes to coarse roots
as a result of elevated CO2 could prove critical to future disturbance response patterns as
well as carbon storage potential. At Kennedy Space Center, the former site of long-term CO2
enrichment, I hypothesized that there would be greater aboveground biomass in the
formerly elevated treatment plots, but that there would be no significant difference in the
belowground biomass between treatments. Due to the role of coarse root structures in
recovery, I hypothesized that there would be greater aboveground regrowth following fire
disturbance in the formerly elevated treatment plots.
Becker (2011) has shown that carbon storage is significantly higher in restored
longleaf pine flatwoods compared to unrestored pasture, thus adding value to restoration
efforts via increased ecosystem services. As part of the ongoing restoration at the Disney
Wilderness Preserve, I hypothesized that due to a lack of accurate coarse root biomass
estimates, the current carbon stock estimates were underestimating actual carbon storage
for the restored longleaf pine flatwoods and that coarse root biomass represented a
significant portion of the carbon storage potential for this system. Given that coarse root
biomass for unrestored pasture should be minimal, I also hypothesized that accurate
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coarse root biomass data for the restored longleaf pine flatwoods would result in an
increase in the difference in carbon storage potential between the two systems, adding
additional value and justification to restoration of these systems. GPR was utilized to
quantify coarse root biomass at both Florida study sites in order to address the questions
being asked in a nondestructive manner. This was particularly useful at the Kennedy Space
Center site, where the previous plot footprints were relatively small and two separate
biomass estimates were conducted, four months apart.
Due a need for better understanding of the limitations of GPR (Guo et al. 2013), this
study also sought to create a clearer picture of the appropriate conditions for GPR use.
Environmental and climatic thresholds for appropriate use of GPR as a nondestructive
method for measuring roots were investigated at the Blackwater Ecological Preserve in Isle
of Wight County, Virginia (36°82'N, 76°85'W). The objectives of the proposed research
were to quantify the potential for GPR to measure coarse root biomass, and to determine
the effects of various environmental factors on its precision. As part of this study, I
hypothesized that the growth of coarse roots over time could be accurately estimated via
increases in both biomass and root diameter observed through GPR detection. I also
hypothesized that root shadowing would mask underlying roots from GPR detection.
Taking root size and position further, I hypothesized that recent improvements in
equipment and techniques will yield the ability to map roots in situ via GPR with both
accuracy and precision. Additionally, I hypothesized that low root moisture content would
mask roots from GPR detection and that above ambient soil moisture levels would mask
roots from GPR detection. I also hypothesized that fine root bundles and root mat
fragments would have the same detection signature as coarse roots using GPR and thus
could not be differentiated from each other. Lastly, I hypothesized that coarse root biomass
could be accurately measured in in all three systems using GPR.
Study Site Descriptions
Blackwater Ecologic Preserve
The Blackwater Ecologic Preserve, which is located in Isle of Wight County, Virginia
(Fig. 1) and covers slightly more than one square kilometer, is where the GPR experiments
were conducted. The Preserve has been owned and managed by Old Dominion University
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since 1985 and is noted for hosting the northern most reproducing longleaf pine
population in North America. The Preserve is located on a remnant estuarine terrace,
formed approximately 120,000 years ago as a result of raised sea levels during the
Sangamon Interglacial period and is currently contained within the Blackwater River valley
(Frost and Musselman, 1987).
The majority of the Preserve is composed of a former sand dune system and current
sand-hill mixed oak communities; however, a black gum (Nyssa sylvatica) swamp, alluvial
flat, and a river bluff associated with the Blackwater River are also present (Frost and
Musselman, 1987). The soils are typical of the Coastal Plain of Southeastern Virginia,
ranging from fine sands to sandy loam throughout much of the Preserve (Frost and
Musselman, 1987).
The site is located within a sand-hill mixed oak community that is second growth as
a result of logging about 60 years ago (Frost and Musselman, 1987). The stand is primarily
composed of Pinus taeda L. (24%), Quercus falcata Michx. (17%), Q. nigra L. (10%), Morella
cerifera Small (12%), Liquidambar styraciflua L. (9%) and Ilex opaca Soland. (8%) (Day,
personal communication).
Kennedy Space Center
The Kennedy Space Center site is located on Merritt Island National Wildlife Refuge,
Florida in Brevard County (Fig. 2) and formerly hosted an eleven-year Department of
Energy sponsored open top chamber elevated CO2 experiment (Day et al. 1996, Hungate et
al. 1999, Dilustro et al. 2002, Hungate et al. 2002, Day et al. 2006, Hungate et al. 2006,
Brown et al. 2007, Stover et al. 2007, Brown et al. 2009, Seiler et al. 2009, Stover et al. 2010,
Day et al. 2013). Merritt Island is a subtropical barrier island approximately 2 m above
mean sea level that is composed of sandy soils that are acidic, nutrient poor, and low in
organic matter (Schmalzer and Hinkle 1987). The study site is found in a scrub-oak
community dominated by Quercus myrtifolia (Willd.), Q. germinata (Small), Q. chapmanii
(Sarg.), and Serenoa repens (Small) and has a natural 10-15 year fire cycle with vegetation
requiring at least three years to recover from fire events (Schmalzer and Hinkle, 1991 and
1992). Lightning associated with thunderstorms is responsible for igniting wildfires
(Schmalzer and Hinkle, 1991 and 1992).
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The experimental plots were located within the footprints of the chambers used
during the CO2 enrichment experiment. This provided a unique opportunity to assess
lasting effects in the belowground plant biomass from 11 years of elevated CO2 as well as
the importance of altered carbon sequestration on ecosystem recovery. Aboveground
vegetation was harvested from within the open top chambers in 2007 at the conclusion of
the CO2 experiment and regrowth of the scrub vegetation has been rapid; subsequently, the
site was subjected to a prescribed burn in 2012.
Disney Wilderness
The Disney Wilderness Preserve is located south of Orlando, Florida, at the head of the
Greater Everglades watershed in Osceola County (Fig. 3) and was originally established as
a mitigation project for the wetland areas affected by the construction of Disney World. The
Preserve was formerly cattle ranchland and primarily used for pasture (Becker 2011). The
46.5-km2 ranch was purchased by the Walt Disney Company in the early 1990s and
donated to the Nature Conservancy, beginning one of the first large-scale, off-site wetlands
mitigation projects in the United States with the goal of returning these pasture and
ranchlands back to their original state of drained wetlands and uplands that were primarily
longleaf pine forests (Wertschnig and Duever 1995).
The Preserve straddles the headwaters of the Everglades ecosystem and has since
grown to encompass more than 48 km2. Cypress swamps, freshwater marshes, scrub oak,
flatwoods, and oak hammocks can all be found as well as a restored longleaf pine forest as a
result of prescribed burns. The Preserve is relatively flat, ranging in elevation from
approximately 15 to 20 m and is dominated by acidic, fine sandy soils (USGS Web Soil
Survey 1985).
Becker (2011) has estimated approximately 400,000 Mg C is currently stored in the
28.23 km2 of the Preserve that are not wetland areas. Restoration of pasture areas within
this area to longleaf pine flatwoods would increase the carbon storage of those areas by an
estimated 25%. From 2010 to 2012, Becker and Hinkle (personal communication)
observed an estimated net ecosystem production (NEP) of 51 kg C km-2 yr-1 during a nonfire year and 24 kg C km-2 yr-1 during a fire year for restored longleaf pine flatwoods areas
in the DWP. Based on these data, Becker (2011) has estimated that carbon storage could
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increase by as much as 1700 Mg C after the 1.23 km2 of pasture currently in restoration are
completely restored to longleaf flatwoods.

Figure 1: Location of the Blackwater Ecological Preserve (Frost and Musselman, 1987).
Map data: Google, 2016. Imagery: Commonwealth of Virginia, DigitalGlobe,
Landsat, U.S. Geological Survey, USDA Farm Service Agency, 2016
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Figure 2: Map of the KSC study site location and the surrounding area (Schmalzer and Hinkle, 1992).
Map data: Google, 2016. Imagery: DigitalGlobe, U.S. Geological Survey, 2016
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Figure 3: Map of the DWP study site location and the surrounding area south of Orlando, FL.
Map data: Google, 2016. Imagery: DigitalGlobe, U.S. Geological Survey, 2016
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CHAPTER 2
EXPERIMENTAL TESTS OF THE CAPABILITIES
OF GROUND-PENETRATING RADAR
Introduction
Continued human population growth and the stress that it exerts on a global scale
will continue to exacerbate current anthropogenic ecological issues. Perhaps most
significant of these is the ongoing rise in greenhouse gases and the myriad of effects that it
could have. In order to better understand and predict this phenomenon, an accurate
measure of carbon flow throughout the biosphere is needed. Methodological limitations
have made it difficult to quantify belowground carbon pools through time (Butnor et al.
2003). Increased interest in carbon sequestration by forest ecosystems, however, has
driven an increased demand for more accurate methods of measuring belowground
processes (Watson et al. 2000).
Better methods to more accurately and non-destructively measure belowground
biomass are imperative to a better understanding of the movement of carbon. Prior to GPR,
the opaque nature of soil and the large physical extent of some root systems have
prevented accurate quantification (Fitter and Strickland 1992, Neilsen et al. 1997, Butnor
et al. 2003) and have left large gaps in understanding of belowground processes. The use of
GPR to non-destructively image root systems provides one method to address these
knowledge gaps (Hruska et al. 1999, Weilopoloski et al. 2000, Butnor et al. 2001, Butnor et
al. 2003, Stover et al. 2007, Butnor et al. 2008). GPR has shown a great deal of promise in
quantifying belowground coarse root biomass. Many studies have shown high correlation
between GPR radargrams and actual root biomass (Butnor et al. 2003, Butnor et al. 2005,
Stover et al. 2007, Butnor et al. 2008, Samuelson et al. 2008, Borden et al. 2014) as well as
high correlation with root diameters (Butnor et al. 2001, Barton and Montagu 2004,
Dannoura et al. 2008, Hirano et al. 2009).
GPR technology has been shown to successfully and routinely identify roots as small
as 5 mm in diameter, but not less than that (Butnor et al. 2001). Successful application of
GPR has been site-specific due to certain environmental limitations (Butnor et al. 2003),
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particularly certain soil types and high soil moisture. GPR is ideally suited to dry sandy
soils (Butnor et al. 2001, Doolittle et al. 2002, Jol 2009); however, it has been successfully
applied in less than ideal conditions in some systems (Cermak et al. 2000, Butnor et al
2001, Stokes et al. 2002). Stokes et al (2002) and Hirano et al. (2009) had trouble
differentiating cross-over patterns of roots as well as individual roots with small spaces
between them using GPR. Butnor et al. (2008) found that live coarse root biomass does not
correlate as well with GPR indices as the combination of live and dead coarse roots.
Additionally, some have pointed out that estimating coarse root biomass through GPR can
be problematic due to root water content (Guo et al. 2013). Previous studies have
evaluated coarse root mass from GPR signal strength indexes; however, GPR signal
strength is a function of root water content, thus roots with low water content are
represented with weaker hyperbolic reflections, resulting in an underestimation of root
biomass (Dannoura et al 2008, Hirano et al 2009). In a recent literature review, Guo et al.
(2013) noted that little research has been conducted on the effect of root water content.
They identify this as a key direction for future research in the use of GPR for coarse root
detection. Limitations tend to vary between sites so with adequate site knowledge as well
as an understanding of how to calibrate the GPR equipment, one can mitigate many of these
issues.
Objectives
There is ample evidence to support the use of GPR for coarse root measurement,
particularly in correlating GPR images with course root biomass and diameter. Despite this,
Guo et al. (2013) have pointed out that the results of different studies occasionally directly
contradict each other. Guo et al. (2013) note that this is most likely a result of a lack of full
understanding of the technology as well as its strengths and limitations.
I hypothesized that coarse root biomass could be accurately measured using GPR.
This study also sought to address the potential for GPR to accurately quantify growth over
time. A number of studies have shown promising results estimating actual root biomass
(Butnor et al. 2003, Butnor et al. 2005, Stover et al. 2007, Butnor et al. 2008, Samuelson et
al. 2008, Borden et al. 2014) as well as estimating root diameters (Butnor et al. 2001,
Barton and Montagu 2004, Dannoura et al. 2008, Hirano et al. 2009) from GPR images. I
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hypothesized that growth of coarse roots over time could be accurately estimated via
increases in both biomass and root diameter using GPR. This potential for measuring
growth could be approximated with roots of increasing density and diameter within
experimental plots. Another concern is the role of root moisture content (Guo et al. 2013)
and the inclusion or exclusion of dead coarse root biomass in correlations (Butnor et al.
2008). This study sought to quantify the effects of root moisture content on GPR precision
and accuracy, and I hypothesized that low root moisture content would mask roots from
GPR detection. Due to difficulty experienced by Stokes et al. (2002) and Hirano et al. (2009)
in accurately identifying roots that were crossed over each other, the potential effects of
small roots being hidden below larger, shallow roots were also explored. I hypothesized
that root shadowing would mask underlying roots from detection. In the earliest work
using GPR for coarse root detection, Butnor et al. (2001) found that soil moisture had a
strong prohibitive effect on GPR effectiveness, but neither the magnitude of this effect nor
appropriate thresholds have been thoroughly explored. This study examined the
magnitude of these prohibitive effects at varying levels of soil moisture content in order to
determine soil moisture thresholds that are appropriate for GPR use. I hypothesized that
above ambient soil moisture levels would mask coarse roots from GPR detection. GPR is
widely accepted to be ineffective for measuring roots with a diameter less than 0.5 cm;
however, it has also been shown that there are a number of soil features and inclusions
such as voids, rocks, and PVC pipes that can be mistaken for roots (Guo et al. 2013). Despite
this, little has been done to examine the potential for GPR to mistake other root structures,
such as large clumps of fine roots, for coarse roots. I compared the GPR signatures for these
different root structures, hypothesizing that fine root bundles and root mat fragments
would have the same detection signature as coarse roots.

Methods
GPR Methods
GPR pulses high frequency (approximately 50-2000 MHz) electromagnetic (EM)
waves into the ground where they reflect off subsurface objects, such as roots, and are
returned back to the surface (Wielopolski et al. 2000, Wielopolski et al. 2002, Daniels
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2004). A typical GPR system has three primary components: a control unit, antennae (one
transmitting and one receiving), and a display unit (Fig. 4). Subsurface objects create a
reflection of the EM waves as a result of a relative difference in dielectric permittivity
between adjacent objects or features (al Hagrey 2007). The GPR control unit measures the
intensity and velocity of the EM waves as well as the propagation time (Hruska et al. 1999).
These measurements are then translated into an image or radargram (Fig. 5) that is shown
on the display unit and can be manipulated with the proper processing software. Any
reflection caused by a change in the EM wave velocity due to a change in dielectric
permittivity will be displayed as a hyperbola due to the conical nature of the EM beam with
the apex of the hyperbola indicating the actual location of the buried object (Annan and
Cosway 1994, Conyers 2004, Guo et al. 2013).

Figure 4: Diagram of ground-penetrating radar system. Figure is from Stover et al. (2007).

The application of GPR for agricultural purposes began in the late 1970s (Collins
2008), but, GPR was not used for coarse root detection until 1999 (Guo et al. 2013). Early
applications to plant structures were limited due to low antennae resolutions and early
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reviews of these applications stressed limitations over successes (Guo et al. 2013).
However, in a recent review of GPR effectiveness for coarse root detection, Guo et al.
(2013) have shown that multiple studies published over the last decade have
demonstrated effective and successful applications (e.g. Cermak et al. 2000, Stokes et al.
2002, Stover et al. 2007, Cui et al. 2011). Much of this recent success has resulted from
higher frequency antennas (i.e. 1500 MHz and greater) becoming available as well as
improved software used to filter and analyze GPR radargram and model root architecture
and spatial distribution (Guo et al. 2013). One significant tradeoff to this improved image
resolution is a decrease in the depth of penetration (Hruska et al. 1999). Lower frequency
antennas allow for much greater depth penetration, but do not allow for a high enough
resolution for effective application for root detection (Hruska et al. 1999, Butnor et al.
2001, Butnor et al. 2003, Stover et al. 2007, Cui et al. 2011). High frequency antennas can
detect roots as small as 5 mm, but penetrate less than a meter into the soil (Butnor et al.
2001, Butnor et al. 2003, Stover et al. 2007, Cui et al. 2011).

Figure 5: GPR radargram showing belowground structures as
hyperbolic reflections. Both axes show distance in feet.
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GPR images are collected by passing the antenna over the desired study area. This
can be accomplished in a number of ways, from sliding the antenna along the ground
surface to wheeled carts or mounted on vehicles. For this study, a small handcart that also
measured distance travelled was used to pass the antenna over the study areas. Scans can
be collected in a number of ways, including simple transects that avoid altering
aboveground vegetation and more dense grid patterns that require aboveground
vegetation removal. Additionally, it is necessary to determine the dielectric constant (k), a
measurement of a substance’s ability to insulate an electrical charge relative to the
insulation in a vacuum, of the soil that is being scanned as this ensures accurate
representation of depth without distortion.
The dielectric constant of the soil is a key determinant for the propagation speed of
the electromagnetic GPR waves through the soil. This number is dependent on many
factors; including soil moisture, temperature, and barometric pressure, and thus may vary
substantially day-to-day in a heterogeneous soil and will vary between different locations
(Butnor et al. 2001, Butnor et al. 2003).
In order to calculate an accurate dielectric constant, a pit was excavated and 1 cm
diameter aluminum rods were placed horizontally at various depths. Four 90 cm long rods
were placed in parallel within the pit at increasing depths of 10 cm, 20 cm, 30 cm, and 40
cm. Half of each rod was inserted into the side of the pit so that it was covered by
undisturbed soil, leaving the other half covered by disturbed soil once the pit was
backfilled with the excavated sand. All root matter was separated from the soil with a sieve
before the soil was used to backfill the pit. Two transects were established for dielectric
calibration, one for the half of each rod that was covered by undisturbed soil, while the
second was located above the half of each rod that was covered by disturbed soil. The first
transect was used when the GPR was used to scan undisturbed areas and the second
transect for all experimental tests that occurred after experimental plots were excavated
and backfilled.
The appropriate transect was scanned with the GPR unit at the beginning of every
day that GPR was used, as the dielectric constant can vary day to day. Once a clear scan of
the transect was recorded, the recorded depths of the rods were examined and adjusted as
close as possible to their known depths. When this was done, the GPR software
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automatically adjusted the dielectric constant so that it matched the adjusted depths of the
rods. This new dielectric value was recorded and a confirmation scan was taken to ensure
that the rods were again recorded at their correct depths. The dielectric value for a given
day was used for all scans conducted that day, unless a large weather change occurred, i.e.
midday showers. Following the determination of the dielectric constant, the dielectric pit
scans were used to determine the appropriate antenna settings (i.e. gain and range) based
on the soil conditions and desired output. The scanning process itself was straightforward,
as the antenna scanned as long as the wheels of the handcart were turning, measuring
distance covered automatically. Notes of where each scan was taken allow for easy
interpretation after image processing.
In order to develop a regression relating biomass to root image pixels, 30 locations
for coring (15 cm diameter to a depth of 60 cm) within the study area were selected and
marked with plastic flags for each site. These core locations were not randomly chosen, but
were specifically chosen with the goal of representing a full spectrum of root density found
within a given study site. Prior to scanning, a guide string was stretched across each core,
bisecting the center point. The marker flag of each core was removed after the laminated
core-scanning guide (Fig. 6) was centered and placed over the core, using the guide string
for orientation. Each core was then scanned in four directions: 0o, 45o, 90o, and 135o, by
rotating the scan guide around the center point, over the guide string. Eight parallel
transects were taken for each direction at intervals of 2 cm. Each transect extended an
additional 15 cm in each direction beyond the 15 cm diameter circle representing the core
area to be excavated to eliminate edge effects, in which distortion can occur at the
beginning or end of each transect.
After the scanning was completed for each core location, the cores were excavated
to 60 cm depth and the roots separated from the soil by sieving. The remaining soil was
then backfilled into the holes and the roots from each core were bagged separately and
brought back to the lab for analysis. The roots were washed, oven dried for 48 hours at 70o
C, and weighed to determine an oven-dried weight.
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Figure 6: GPR scan guide for 15 cm cores showing
the 4 scan directions and the 8 parallel transects.

Processing of the radargrams was conducted using RADAN 7.0 (Geophysical Survey
Systems Inc., Salem, NH) in order to enhance root discrimination. Several processing steps
were used, and while some variation of steps does exist among researchers, improvements
by Butnor (2001, 2003, 2005, and 2008), Barton and Montagu (2004), and Stover et al.
(2007) have begun to form the foundation of a relatively standard GPR processing protocol
for coarse root applications (Guo et al. 2013) (Fig. 7). As previously mentioned, roots
appear as hyperbolic reflectors; however, plane reflectors such as the ground surface, soil
layers, and low frequency noise appear as parallel bands. These parallel bands were
removed with a horizontal background removal tool known as a Finite Impulse Response
Filter (FIR) (Oppenheim and Schafer 1975, Butnor et al. 2003). If necessary, vertical noise
as a result of a specific frequency interference (i.e. a cell phone or GPS) was removed via
the FIR filter. A Kirchoff migration was used to correct object position and collapse
hyperbolic diffractions based on signal geometry (Daniels 2004). A Hilbert transformation
was applied to the radargram to elucidate subtle properties and objects while reducing
false “echoes” in the data by reconstructing the phase of the signal from its amplitude
(Oppenheim and Schafer 1975, Geophysical Survey Systems Inc., Salem, NH).
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To determine biomass, the radargram was converted to a bitmap image file using
the RADAN to bitmap conversion utility 1.4 (Geophysical Survey Systems Inc., Salem, NH),
which was then quantified by pixel summation within root groupings using Sigma Scan Pro
Image Analysis software (Systat, Point Richmond, CA).

Figure 7: Radargram processing steps (Stover et al. 2007). Arrows indicate a reflector (i.e. root). (A)
Raw radargram; (B) Background removal to reduce noise; (C) Kirchoff migration to correct object
position and hyperbolic geometry; (D) Hilbert transformation to enhance subtle objects and reduce
false “echoes”; (E) Post-processed image converted to 8-bit grey scale; (F) Groupings determined
based on pixel intensity; (G) Objects quantified via pixel summation within groupings.

The image was converted to an 8-bit grey scale image where pixel intensity was measured
for each pixel on a scale of 0 (black) to 255 (white.) Intensity was used as a proxy for signal
amplitude, thus by applying an intensity threshold range (e.g. 60-225) based on gain
settings and soil moisture conditions the presence of objects (i.e. roots) in the image were
quantified by the number of pixels within each object’s footprint. By summing the number
of pixels in each group, the size of each object was determined. The total number of pixels
representing roots within each of the 32 scans for a core was calculated and a mean
number of pixels within root objects was determined for each core. This mean number of
pixels was then compared against the actual root biomass found in each core. Once this was
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completed for each of the thirty cores taken, a regression was constructed that estimated
biomass based upon the number of pixels observed within root structures identified by
GPR.
Experiments
In order to quantify the effectiveness of GPR under a variety of conditions, fifteen
experimental plots (0.25 m2 area) were excavated and backfilled with the soil after removal
of roots by sieving. Prior to excavation for use in the GPR methodological experiments, each
of these was scanned in the same four directions, 0o, 45o, 90o, and 135o, utilized to develop
the regression equation. Each direction had five parallel transects set at intervals of 10 cm
for the 0o and 90o directions and 14 cm for the 45o and 135o directions due to increased
width of the plots when approached from diagonal directions (Fig. 8) and each scan
extended beyond the plot boundary 15 cm in each direction to eliminate edge effects.

Figure 8: GPR scan guides for 0.25m2 plots showing the 5 parallel transects to be done in
the (A) 0o and 90o directions and (B) 45o and 135o directions.

Due to the greater size of the experimental plots compared to cores and the limited
space in which to operate around the plots, string guides were used (Fig. 9). Once scanning
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was completed, each plot was excavated to a depth of 60 cm and the roots were separated
from the soil via sieving. The remaining soil was backfilled into the plots for later
experiments. The roots were washed, oven dried for 48 hours at 70o C, and weighed to
determine an oven-dried weight.
The GPR scans of the experimental plots were processed using the protocol
established during core sample analysis. Forty 15-cm core footprints (10 from each
scanning direction) were selected in a grid pattern to represent “cores” within each plot.
Using the regression equation developed from the core samples, a mean core footprint
biomass within a given plot was determined by using the number of pixels identified within
roots in the images of these core footprints. This mean core footprint biomass was then
multiplied by 14.14 to determine an estimate of total biomass found within each 0.25 m2
plot as 14.14 core footprints fit within each experimental plot.

Figure 9: String guide used for perpendicular GPR scanning.
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Two methods of locating core footprints within the plot scans were tested: 1) a
single 15 cm section was taken at the center point of each plot for each of the four
directions and 2) 40 total 15 cm sections were taken in a grid pattern throughout the plot
(10 in each direction) to create an average section biomass for the entire plot. A Wilcoxon
Signed Ranks test was used to determine if the estimated biomass for the different methods
was significantly different from the observed biomass. The most appropriate method to
accurately estimate coarse root biomass was determined by eliminating any methods that
produced significantly different estimates and minimizing standard error of mean
estimated biomass.
GPR Potential to Quantify Change in Root Mass
All necessary roots for this and the following experiments presented in this chapter
were oak roots (Quercus falcata and Quercus nigra are the predominant species on site)
and were excavated on site. The roots had loose soil removed and were cut into relatively
straight and uniform diameter 15 cm lengths for use in the experiments and all small
lateral roots were clipped from the root sections. Root segments were only used in
scanning experiments within 48 hours of their excavation, after which time, new root
sections were excavated under the same protocol. Multiple techniques using Parafilm to
seal in the natural root moisture were tested to determine the most appropriate method
for wrapping sample roots with plastic paraffin film. Wrapping only the ends of the roots
was determined to be the most appropriate method for maintaining root moisture content
over wrapping the whole root segment, as it kept root weight constant for 48 hours and did
not influence GPR scanning of the body of the roots. Wrapping the entire root segment with
Parafilm maintained root weight but the Parafilm barrier surrounding the root segment
altered the GPR signature of the segments.
In order to determine if GPR has the precision to quantify change in coarse root
biomass, three size classes of roots were measured at increasing densities (number of roots
in each plot) within experimental plots. The three diameter size classes measured were: 1)
10 mm, 2) 20 mm, and 3) 30 mm, with all roots measuring at least 15 cm in length to
ensure that at least one scan crossed each root. I hypothesized that 1) coarse root diameter
would have no effect on the effectiveness of GPR to detect root structures, 2) GPR would be
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able to differentiate between small (10 mm), medium (20 mm), and large (30 mm)
diameter roots, and 3) GPR would be able to detect changes in the number of roots present
within all three size classes.
All 15 experimental plots were utilized with each of three root size classes
occupying five plots each to measure change in root mass.
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Five trials were conducted, each using all of the plots. In each trial the root density
of the plots increased in the following increments: 1, 2, 4, 6, and 8. All roots were located at
a depth of 10 cm and were oriented perpendicular to the scanning direction. For the five
trials of increasing root density, roots were located within each plot as follows in order to
simulate expanding root growth in the soil:
Trial 1: Root 1 was located in the lower left quadrant of the plot.
Trial 2: Root 2 was added to the lower left quadrant of the plot.
Trial 3: Roots 3 and 4 were added to the upper left quadrant of the plot.
Trial 4: Roots 5 and 6 were added to the upper right quadrant of the plot.
Trial 5: Roots 7 and 8 were added to the lower right quadrant of the plot.
Five parallel scans were completed at 10-cm intervals across each experimental plot for
each density increment.
All scans were processed in RADAN and SigmaScan with the established protocol
(Stover 2007, Guo et al. 2013). Processed radargrams within RADAN were analyzed to
determine the presence/absence of each root. These radargrams were exported to

25
SigmaScan in order to quantify the pixel counts of all roots present. The presence/absence
of each root as well as the pixel counts of all roots present were used to determine the
effectiveness of GPR to recognize increasing root density and increasing root size,
respectively, across all three size classes. Contingency tables were used to determine the
significance of roots seen versus unseen between the three size classes and increasing
densities. Pixel counts of identified roots for the different diameters and densities were
analyzed using a Mann-Whitney U test.
GPR Potential for Discrimination Between Live and Dead Roots
Because root moisture content is a key factor in GPR being able to identify a root,
GPR may be unable to identify dead roots due to their moisture content having equalized
with the surrounding soil (Guo et al. 2013). Because dead root structures store carbon, they
need to be included in any accurate estimation of belowground carbon storage. I
hypothesized that GPR could be used to identify all living and dead roots, and that it would
be able to differentiate between the two.
This experiment utilized five experimental plots. Four live roots and four “dead”
roots were placed in each plot. “Dead” roots were created from living roots that had been
excavated from the site, oven dried for 24 hours at 70o C and reburied for a period of one
week to ensure that their moisture content equalized with the local soil moisture. The roots
were placed 10 cm below the surface with the live and “dead” roots alternated throughout
the plot (Fig. 10). Locations of both live and “dead” roots were documented for comparison
to the GPR scans. All eight roots in each plot were oriented perpendicular to the scanning
direction. Five parallel scans were taken at 10 cm intervals across each experimental plot
for each of the five trials.
All scans were processed with the established protocol in RADAN. Processed
radargrams within RADAN were analyzed to determine the presence/absence of each root.
A contingency table was used to determine the significance of roots seen versus unseen
between the live and dead roots. The presence/absence of each root was used to determine
the effectiveness of GPR to recognize both live and “dead” roots.
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Figure 10: Experimental plot showing orientation of live (Parafilm wrapped)
and "dead" oak root segments prior to scanning.

Possible Effects of Root Shadowing on GPR Measurements
Coarse roots grow in three dimensions, thus it is often the case that there are
multiple roots at different depths at any given location. For accurate quantification of both
root mass and root architecture, it is important that GPR be able to identify all roots at a
given location accurately. I hypothesized that GPR would not be able to identify small
diameter roots that were located below larger diameter roots and that the depth of each
would not have a significant effect. All roots were approximately 20 cm in length, while
large roots had a diameter of approximately 30 mm and small roots had a diameter of
approximately 10 mm.
This experiment utilized five of the experimental plots. There were five treatment
levels, with five trials of each treatment. The five treatment levels were: 1) no large roots,
2) large roots at 3 cm depth with smaller roots 10 cm below, 3) large roots near surface
removed, leaving smaller roots at 13 cm depth, 4) large roots at 10 cm with roots below at
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20 cm, and 5) no large roots at 10 cm leaving roots below at 20 cm. In each treatment, four
shadowing and four shadowed roots were placed at the specified depth (one of each in
each of the four quadrants of the plot), unless the treatment did not call for one or both of
these groups (Fig. 11).
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All roots were oriented perpendicular to the scanning direction and five parallel
scans were taken at 10-cm intervals across each experimental plot for each treatment level.
All scans were processed with the established protocol in RADAN and SigmaScan.
Processed radargrams within RADAN were analyzed to determine the presence/absence of
each root. These radargrams were exported to SigmaScan in order to quantify the pixel
counts of all roots present. A contingency table was used to determine the significance of
shadowed roots seen versus unseen between the different treatment levels. The difference
in pixel counts between the different treatments was analyzed with a Mann-Whitney U test.
The presence/absence of each root as well as the pixel counts of the smaller roots
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(shadowed and unshadowed) were used to determine if there was an effect of root
shadowing and if so, the magnitude of that effect.

Figure 11: Partially excavated experimental plot showing small diameter oak roots at 13 cm depth on
the left and large diameter oak roots at 3 cm depth directly above the smaller roots on the right.

Effect of Soil Moisture on GPR Root Detection
Water is known to affect GPR use because of its low permittivity. It is also commonly
understood that GPR does not work well for coarse root identification in soils with high
moisture content. However, the specifics of this limitation have not been adequately tested
and guidelines for the acceptable levels of soil moisture in a given soil are not known.
Experimental plots in the Blackwater Preserve were artificially brought to varying degrees
of soil moisture before being scanned, and I hypothesized that higher soil moisture levels
would result in less effective root identification with GPR.
This experiment utilized five of the experimental plots. One large oak root, 30 mm in
diameter and 30 cm in length was placed 15 cm below the surface in each of the five plots.
Due to the known potential for water to scatter/dampen GPR signals, a single root was
used in each plot to avoid multiple root signatures interfering with each other (Guo et al.
2013). Four different treatment levels of increasing soil moisture were applied to each plot
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by the addition of water to the plots. Water was obtained locally from a well water source
on the edge of the Blackwater Preserve and brought to the site. In order to achieve as close
to homogenous soil moisture content as possible, the plots were excavated to 5 cm below
the root placement depth (20 cm) and water was added to the soil in a large plastic bin. The
moist soil was placed back into the plot, covering the test root located at 15 cm depth. The
treatment levels were: 1) ambient soil moisture: 5-10%, 2) 15-20% soil moisture, 3) 2530% soil moisture, 4) 35-40% soil moisture. Ranges rather than specific values were used
for the treatment levels due to the difficulty in achieving uniform soil moisture levels
within a plot. 35-40% soil moisture content was the maximum tested value because it was
determined to be the maximum soil moisture content for the soils at the study site. All
roots were oriented perpendicular to the scanning direction and five parallel scans were
taken at 10-cm intervals across each experimental plot for each soil moisture increment.
All scans were processed with the established protocol in RADAN. Processed
radargrams within RADAN were analyzed to determine the presence/absence of each root.
A contingency table was used to determine the significance of roots seen versus unseen
between the different treatment levels of increasing soil moisture and a Mann-Whitney U
test was used to determine the significance of the different predicted sizes of roots seen.
The presence/absence of each root was used to determine if there was an effect of soil
moisture on the effectiveness of GPR.
GPR Potential to Identify Clumped Fine Roots
GPR does not reliably identify roots less than 5 mm in diameter (Butnor et al. 2001);
however, it is not known if fine roots that are not identifiable on their own can be seen
using GPR if they are bundled together. If so, this would result in some fine root biomass
being inadvertently counted as coarse root biomass. Similarly, the root mat that is typically
found at the surface in forested systems such as the Blackwater Preserve may also be
identifiable as it includes fine roots, decaying organic material and humus not typically
found below the soil surface. If the permittivity of either the root mat or fine root bundles is
different enough from that of the surrounding soil, these structures may be visible with
GPR. I hypothesized that GPR would be able to identify both fine root bundles and root mat
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fragments below the surface, but that it would not be able to differentiate these structures
from actual coarse roots.
This experiment utilized five of the experimental plots. Each plot was filled with two
coarse root segments 20 mm in diameter and at least 15 cm in length, two fine root clumps
approximately 20 mm in diameter and at least 15 cm in length, and two root mat segments
approximately 20 mm in diameter and at least 15 cm in length (Fig. 12). These roots were
placed 10 cm below the surface with the coarse roots, fine root clumps, and root mat
segments interspersed throughout the plot. Locations of both coarse roots and fine root
clumps were documented for comparison to the GPR scans. All six roots in each plot were
oriented perpendicular to the scanning direction and five parallel scans were taken at 10
cm intervals across each experimental plot for each of the five trials.
All scans were processed with the established protocol in RADAN and SigmaScan.
Processed radargrams within RADAN were analyzed to determine the presence/absence of
each root/root mass. These radargrams were exported to SigmaScan in order to quantify
the pixel counts of all roots present. A contingency table was used to determine the
significance of roots seen versus unseen between coarse roots, fine root clumps, and root
mat segments. The presence/absence of each root as well as the pixel counts of all roots
present were used to determine the potential for GPR to identify clumped fine roots and
root mat sections.

Figure 12: Partially excavated plot showing coarse root segment,
fine root bundle, and root mat fragment.
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Results
Biomass Regression
The regression of pixel count representing roots on observed biomass for
Blackwater was strong: y = 0.0346x + 5.9567 (R2 = 0.7735). It was determined that there
was not a significant drop off in regression strength by reducing the scanning effort in half
(4 scans per direction, a total of 16 scans per core) as this regression was still robust: y =
0.0338x + 7.5286 (R2 = 0.7536) and saw only a minor drop in the correlation coefficient
(Fig. 13). Reducing the number of scanning directions from four to two showed a larger
drop off in regression strength (R2 = 0.6107). As such it was determined that four scans, in
each of the four directions was the ideal balance of scanning effort necessary.
Biomass Estimation
The grid pattern method estimated 2525

463 g/m2 SE, which was not

significantly different from the observed biomass of 2637 g/m2 (P = 0.46). The center point
method estimated 2578

641 g/m2, which was also not significantly different from the

actual coarse root biomass (P = 0.42). The grid pattern was chosen as the most appropriate
GPR estimate of coarse root biomass for the Blackwater Preserve due to the lower standard
error.
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Figure 13: Relationship between total observed biomass obtained from 15 cm cores to a depth of 60
cm and GPR root reflectance as measured by total pixels within threshold.

32
GPR Potential to Quantify Change in Root Mass
There was no significant difference in the number of roots correctly identified
between the three size classes (P = 0.78), as I was able to identify almost all the roots of
each size class. f 84 total roots scanned in each size class, I was able to identify 83 small
diameter roots, 83 medium diameter roots, and 82 large diameter roots.
There was also no significant difference in the number of roots correctly identified
between the five density trials (P = 0.12). Of the four roots not seen, one was at the single
root density and three were at the highest root density.
As hypothesized, the number of pixels representing each root size class was found
to be significantly different between all three groups (P < 0.01); however, large roots were
detected as significantly smaller than both small and medium diameter roots, rather than
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Figure 14: Mean number of pixels included in the estimation of cross-sectional area for each
of the three size classes of roots. Error bars represent plus or minus one standard error.

GPR Potential for Discrimination Between Live and Dead Roots
GPR does not appear to reliably identify roots that do not maintain different
moisture content from that of their surrounding soil. I was able to correctly identify all 20
live root segments used in the experiment, but was only able to identify 3 of the 20 “dead”
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roots that had acclimated to the moisture content of the surrounding soil, representing a
significant drop in the efficiency of GPR to identify “dead” roots (P < 0.01) (Fig. 15).
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Figure 15: Number of live and simulated “dead” roots (out of 20
possible for each) accurately identified by GPR.

Effects of Root Shadowing on GPR Measurements
I was slightly less successful identifying small roots that were “shadowed” directly
underneath larger roots using GPR, missing 5 out of 40 compared to only missing 1 small
root when no large roots were present, but this was not a significant drop off in
effectiveness (P = 0.09). Unshadowed roots were represented by a mean of 3428
pixels, while shadowed roots were represented by an average of 3215

188 SE

375 SE pixels

(Fig. 16). Additionally, there was not a significant difference between the number of pixels
representing shadowed and unshadowed roots (P = 0.51).
Effects of Soil Moisture on GPR Root Detection
At ambient soil moisture, I successfully identified all 15 roots using GPR; however,
as ambient soil moisture increased, I was significantly less likely to correctly identify large
roots (P < 0.01) (Fig. 17). Even a small rise to 15-20% moisture content from the normal 5-
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10% level resulted in significantly fewer large diameter roots identified (P = 0.02).
Additionally, there was a significant drop off in the estimated sizes of the roots identified in
the form of fewer pixels included as part of the root signatures. The predicted root size at
the ambient soil moisture level of 5-10% was 1883 pixels; however, all three treatments of
increased soil moisture resulted in significantly fewer pixels per identified root (P < 0.01).
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Figure 16: Mean number of pixels representing the cross-sectional area of 10 mm diameter roots
when shadowed by a 30 mm diameter root 10 cm directly above and when no larger diameter root is
in place above the 10 mm diameter root. Error bars represent plus or minus one standard error.
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Figure 17: Number of large diameter (~30 mm) roots successfully identified
by GPR out of 15 possible for each soil moisture level tested.
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GPR Potential to Identify Clumped Fine Roots
Despite identifying all 10 coarse root fragments in this experiment, I was
significantly less likely to identify either fine root bundles or root mat fragments using GPR
(P < 0.01). Additionally, when I was able to identify fine root bundles or root mat
fragments, I saw them as significantly smaller objects despite their actual diameter being
similar to the coarse roots (P < 0.01).
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Figure 18: Number of coarse roots, fine root bundles, and root mat
fragments successfully identified by GPR out of 10 possible

Discussion
Biomass Estimation
A regression showing a strong relationship between total pixels representing root
reflectance and observed biomass to 60 cm depth was obtained. This coincides with the
method for biomass estimation previously used by Stover et al. (2007), Butnor et al.
(2008), Samuelson et al. (2008), and Day et al. (2013). The number of transects in each
direction could be reduced from eight to four, but the inclusion of multiple scanning
directions for each core and plot was not able to be reduced without a significant loss of
accuracy. There were multiple cores and plots in which scans from one direction showed
significantly higher or lower estimated biomass than the other three, confirming the
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findings of Tanikawa et al. (2013), Wu et al. (2014), and Guo et al. (2015) that root
orientation significantly affects the accuracy of root detection and root diameter
estimation. The center point method proved to be accurate in the Blackwater Preserve for
biomass estimation, but due to a higher range of standard error with the center point
method, the grid pattern was determined to have less risk of inaccuracy.
GPR accuracy diminished with certain structures and that resulted in
underestimation of actual coarse root biomass. At Blackwater Preserve, originally five
cores were located directly adjacent to oak tree trunks. These cores contained high
biomass in the form of large root structures at the soil surface, often intermingling with the
root mat; however, after processing, GPR showed little to no signature of these large root
structures. This was particularly troubling until it was confirmed that GPR can have
difficulty near large tree trunks and with large structures at the surface whose signal is
likely lost in the transition through the soil surface (Butnor, personal communication).
For Blackwater Preserve, the estimate that was derived was remarkably close to the
observed biomass. It is important to note that the ability of GPR to estimate biomass within
a single pit varied significantly, suggesting that multiple pits are necessary in order to
counter potential small-scale variability in accuracy.
This study confirmed that processing protocols developed by Butnor et al. (2003)
and modified by Barton and Montagu (2004), Stover et al. (2007) and Day et al. (2013)
were the most appropriate; however, it also illustrated the need for a strong understanding
of GPR software and the tools used in processing these images. Largely due to data
collection that spanned multiple days and varying climatic and soil conditions, there was a
need for gain adjustments for certain scanning events as well as the use of different pixel
intensity thresholds. This is neither new nor inherently problematic. Guo et al. (2013)
clearly showed that various scanning protocols and pixel thresholds are not applicable at
all sites, but an opportunity for subjective error on the part of the researcher is inherent.
This is particularly true for determining the most appropriate pixel intensity threshold,
which may vary even within a site from day to day based on soil conditions. Because of this
variability, it is up to the best judgment of the researcher where to set the pixel intensity
thresholds for a given data set, and thus it is imperative that the researcher be well versed
in the software and its application for root quantification. While a regression equation
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relating biomass to pixel counts need not change when applied over long periods of time
within the same system, the processing and pixel intensity thresholds that are used likely
will, and thus accurate long-term biomass estimation is dependent on properly setting
these variable aspects of the GPR system.
GPR Potential to Quantify Change in Root Mass
GPR identified nearly all of the roots in the variable density experiment, regardless
of root diameter. Most GPR studies using a 1500 MHz antenna have found reliable
resolution of 5 mm, well below the 10 mm diameter small roots in this study, thus it is not
surprising that there was no effect of size on the ability of GPR to identify these roots
(Butnor et al. 2001, Butnor et al. 2003, Stover et al. 2007, Cui et al. 2011). Estimates of
cross-sectional root area were puzzling. As expected, medium roots were represented by
twice as many pixels as small roots, suggesting a doubling of cross-sectional area in line
with what was expected. However, large roots showed an average pixel count of less than
half of that of small roots and less than a quarter of the pixels representing medium
diameter roots. Multiple studies have shown GPR to have the ability to accurately estimate
root diameter using the same method used in this study (Butnor et al. 2001, Dannoura et al.
2008, Hirano et al. 2009). Given these previous results, as well as the relative success of
GPR to accurately represent root diameters during other aspects of this study, it is assumed
that an unknown complicating factor is responsible for this significant deviation from the
expected. As the full breadth of this experiment was conducted within the confines of the
Blackwater study site and was completed in a single day of uniform climatic conditions, it is
likely that the roots used for the large diameter scans had a significantly lower than normal
moisture content resulting in weak reflections and significantly lower GPR signatures. All
roots were sourced within the study area on the morning of the day they were used and
their cut ends were wrapped in Parafilm to prevent excessive moisture loss. Upon
inspection of excavated root fragments it was assumed that all roots that could not be
easily excluded as abnormal would be adequate for testing.
There was no effect of increasing root density on the accurate identification of roots
for any of the three size classes. This illustrates the advantage of the high resolution of the
1500 MHz antenna, since at the highest density these roots were separated by as little as 5
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cm. Hirano et al. (2009) showed that roots within 20 cm of each other, either vertically or
horizontally, could not be reliably distinguished from each other using a 900 MHz antenna.
Accurately quantifying roots at varying densities is a crucial aspect of accurate estimation
of root system growth over time. This study suggests that repeated scanning of an area
over an extended period of time would allow for the detection of coarse root growth in the
form of increasing coarse root density.
Of the four roots not accurately identified in the experiment, three occurred at the
highest density of 8 roots in each 0.25 m2 plot. While not significant, this is an indication
that at higher densities GPR may be less reliable. My results, coupled with those of Hirano
et al. (2009), suggest that there is a maximum density for any given frequency at which
point roots will begin to appear as one large blob of root rather than separate individual
roots, with that threshold being higher with higher frequency antennas. Additionally, image
processing showed a slight trend of increasing pixel counts for each size class as root
densities were increased, suggesting that as roots become more tightly packed together,
GPR may result in a tendency to estimate higher cross-sectional areas. These are important
considerations as they could easily result in the overestimation of coarse root biomass or
size, and are difficult to account for in a biomass estimation regression without significant
effort to locate high-density root areas for coring.
GPR Potential for Discrimination Between Live and Dead Roots
Multiple studies have shown that GPR has difficulty differentiating roots from other
structures such as dead roots and PVC pipes (Butnor et al. 2005, Cox et al. 2005). The
results of this study suggest that differences in root moisture content between live and
“dead” roots do have a significant effect on GPR accuracy. The inability of GPR to accurately
identify simulated “dead” coarse root fragments in this study appears to confirm previous
work that root moisture content is an integral component of successful GPR applications
(Dannoura et al. 2008, Hirano et al. 2009). Water has a high dielectric permittivity (80.1 at
20o C) resulting in high levels of GPR signal attenuation. This can prevent the use of GPR in
certain high moisture situations, but suggests that in low moisture situations, small
changes in moisture levels should be easily detectable. Dannoura et al. (2008) found that a
sufficient gradient must exist between root moisture content and soil moisture level in
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order for roots to be detected. Dead root structures that are still a part of a larger living
plant system may still be utilized for water conductance and could still be detectable;
however, our results suggest that root structures that have been separated from the living
organism or root systems that are a part of a larger dead organism would likely not be
detectable. Since these structures are no longer being used for water conductance, their
moisture content would equalize with that of the surrounding soil, making them invisible
to GPR as the lack of a sufficient gradient of water content would mean no change in the
speed of GPR wave propagation. This was confirmed by the ineffectiveness of GPR to
identify simulated “dead” roots, which had been oven dried for 24 hours at 70o C and then
reburied on site and left alone for one week so that they could equalize with the soil
moisture levels.
As it will take significant lengths of time for dead root structures to decompose after
their moisture content has become acclimated to the surrounding soil, the implication of
this effect is the potential for underestimating total coarse root biomass for a given system.
This is particularly pertinent for systems with slower decomposition rates and systems
with higher organism turnover where unused root structures are more likely to be present,
and could greatly affect estimates of total belowground root biomass and total
belowground carbon storage.
Effects of Root Shadowing on GPR Measurements
Hirano et al. (2009) showed that roots within 20 cm of each other could not be
reliably distinguished from each other, while Stokes et al. (2002) found that GPR has a
great deal of difficulty accurately representing roots that cross-over each other. As a result
of this evidence, I hypothesized that GPR would not be able to identify small diameter
coarse roots that were placed 10 cm below and parallel to larger diameter coarse roots.
While there were slightly fewer small roots accurately identified when a shadowing root
was present, there was not a significant drop off in the ability to identify roots that were
both within 20 cm of and crossed-over by other larger roots. The most likely cause for this
discrepancy in results is twofold. First, six and thirteen years have passed since the
previous experiments were completed, during which time, significant technological and
equipment advances have been made (Guo et al. 2013). Secondly, and more importantly,
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each of these studies utilized antennas of different frequencies. Stokes et al. (2002)
employed a 450 MHz antenna, resulting in the greatest detection depth (2.5 meters) but
also resulting in a significant loss of resolution. Higher frequencies result in higher
resolution, but also higher signal attenuation and thus shallower maximum detection
depths. Hirano et al. (2009) were using a 900 MHz antenna, with slightly more resolution.
This study was conducted with a 1500 MHz antenna, which has been widely shown to be
necessary for detection of 0.5 cm diameter roots (Guo et al. 2013). With this higher
frequency and resolution, it should not be surprising that this study was able to identify
and differentiate more roots than the previous two studies. The one cause for concern
appears in the variability of the pixel counts for shadowed roots, which displayed a
standard error nearly double that of unshadowed roots, suggesting that while GPR is
accurate for shadowed roots, it is not as precise when compared to unshadowed roots (Fig.
15). The small number of shadowed roots that were not identified and the higher
variability in predicted root size for shadowed roots suggest that even at this high
frequency GPR is slightly less effective in dealing with roots in close proximity to each
other. The juxtaposition of precision against penetration depth shown in these studies
points to the need to select the most appropriate antenna frequency before employing GPR
for root quantification. Multiple antenna frequencies are appropriate for root work, each
with different strengths and weaknesses. Choosing the most appropriate antenna or
combination of antennas is crucial to a properly designed and executed GPR study. That
detection depth and resolution are maximized at opposite ends of the frequency spectrum
is suggestive of the potential need for employing multiple antenna frequencies to a given
study area for maximum root quantification.
Effect of Soil Moisture on GPR Root Detection
The high levels of signal attenuation caused by water are well documented, as are its
detrimental effects on GPR use for root quantification (Butnor et al. 2001, Guo et al. 2013).
What are less clear are the thresholds of the effects of soil moisture, i.e. how much is too
much? Our results suggest that even small increases in soil moisture content can
significantly reduce the effectiveness of GPR to identify roots 3 cm in diameter, losing 40%
of the root reflections with a soil moisture increase of only 10%. This is most likely due to
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shrinking what is an already small gradient between root and soil moisture content,
suggesting that GPR scanning should only be conducted when the root-soil contrast is
optimal, as even small decreases in this contrast can result in significantly lower biomass
and root diameter estimates.
While this study illustrates the tenuous nature of the root and soil moisture
gradient, more research needs to be conducted into the effects of heightened soil moisture
content. In order to reach relatively uniform increased soil moisture levels across the 0.25
m2 experimental pits, it was necessary to excavate the soil and mix in water. This achieved
our desired soil moisture levels, but did not accurately mimic natural increases in soil
moisture content (i.e. precipitation). Methods that better imitated precipitation were not
used as they resulted in highly uneven soil moisture levels within the small experimental
plots. With more time, a study that can repeatedly scan plots of known roots after varying
levels of rainfall would likely provide a great deal more insight into the effects of soil
moisture content on root quantification.
GPR Potential to Identify Clumped Fine Roots
Similarly, I was not able to accurately identify bundles of fine roots or root mat
fragments that mimic coarse root structures using GPR. Fine roots have been widely shown
to be too small to produce an adequate reflection for quantification via GPR; however, I
hypothesized that if these fine roots were to have grown together in a thick bundle,
imitating the size and structure of a larger root, they would produce a large enough
reflection to be visible to GPR. Additionally, I hypothesized that fragments of the root mat
typically found on site could produce similar signatures via GPR to be quantifiable. Both of
these proved false, as GPR was not able to accurately identify either. This is most likely due
to the lack of a sufficient water content gradient between these structures and the
surrounding soil. There is no evidence that fine roots that have grown together into a larger
bundle maintain a higher water content than individual fine roots, thus fine root bundles
are no different than individual fine roots in that they do not present a large enough rootsoil contrast to stand out against the soil. Likewise, buried fragments of the root mat do not
maintain a significantly higher or lower water content when compared to the surrounding
soil, and as such are also not reliably seen by GPR.
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Conclusions
These results demonstrate that GPR is a viable tool for coarse root quantification,
particularly biomass estimation. The data support previous findings that certain soil
conditions (i.e. high soil moisture or a lack of significant difference between soil moisture
and root moisture content) hurt the overall effectiveness of GPR observation, but that if
these conditions can be avoided, GPR is a reliable and accurate tool. GPR use for coarse root
measurement is a young and growing area of root ecology, and is just one of many tools
necessary to effectively measure root systems. These results should aid in the ongoing
evolution of GPR for coarse root measurements.
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CHAPTER 3
LEGACY EFFECTS FROM LONG-TERM CO2 ENRICHMENT IN A
FLORIDA SCRUB-OAK PLANT COMMUNITY
Introduction
Global warming, or more generally climate change, has received a great deal of
attention from the scientific community over the last few decades (Cubash et al. 2013). This
concern lies primarily in the potential and expected alterations to the world’s environment
as a result of increased atmospheric carbon dioxide (Kirtman et al. 2013). Carbon dioxide is
a greenhouse gas, meaning that its presence in the atmosphere aids in preventing infrared
energy that is reflected from the Earth’s surface from escaping the atmosphere (Schlesinger
2011). This greenhouse effect is essential to life on Earth, but altering the magnitude of the
effect could have profound effects on the current balance of the biosphere (Schneider
1989). Many plants have been shown to respond to increased atmospheric CO2 with
increased growth, potentially mitigating climate change via increased carbon storage
(Stover et al. 2007, Seiler et al. 2009, Day et al. 2013). Increased photosynthetic rates as a
result of elevated CO2 may result in plants allocating more biomass to belowground
structures in order to obtain additional water and nutrients to keep pace with increased
growth (Day et al. 2013). This represents an important sink for atmospheric carbon.
Atmospheric CO2 Concentrations
It is generally accepted that human activities (i.e. industrialization, burning of fossil
fuels, deforestation, etc.) have sped up atmospheric enrichment rates of CO2 (Wang et al.
1976, Rohde 1990, Kaufmann et al. 2011). Data from Mauna Loa observatory in Hawaii and
ice cores from Greenland and Antarctica suggest that over the last 200 years of human
influence, atmospheric CO2 levels have increased over 40%, rising from pre-industrial
levels of 280 ppm (Hofmann et al. 2009) to current levels of more than 400 ppm (Farmer et
al. 2013).
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Figure 19: Atmospheric CO2 concentrations at Mauna Loa, Hawaii from 1958 to 2013.
This data series is known as the Keeling Curve. Image courtesy of the Scripps Institute.

The current atmospheric CO2 level of over 400 ppm is not unprecedented, but
models suggest that this level has not been reached in over 15 million years (Tripati et al.
2009). Additionally, biosphere models predict that the atmospheric CO2 concentration will
nearly double within the next century to approximately 700 ppm accompanied by a 2-4.50
C rise in mean atmospheric temperature (Schlesinger 1991, Janzen 2004, Schlesinger
2011). This modification of the global carbon cycle is expected to cause rising sea levels
(Church and White 2005, Merrifield et al. 2009), ocean acidification (Doney 2010), altered
precipitation and weather patterns (Milly et al. 2005), shifts in biotic species ranges
(Iverson and Prasad 1998, Root et al. 2003, Williams et al. 2007), and potential large scale
extinctions (Thomas et al. 2004).
Higher atmospheric CO2 levels lead to the removal of CO2 by boosting
photosynthesis and plant growth. Several studies have also shown that more root mass is
generated as a consequence of higher photosynthetic rates caused by elevated levels of CO2
in the atmosphere (O’Neill 1994, Jongen et al. 1995, Bernston and Bazzaz 1996, Day et al.
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1996, Matamala and Schlesinger 2000, Wiemken et al. 2001, Lipson et al. 2005, Stover et al.
2007, Schroeder 2011). Jackson et al. (2009) found a 24% increase in fine root biomass in
the top 15 cm of soil, suggesting a boost in carbon storage of approximately 20 g m-2 yr-1.
This increase in fine root mass suggests an increased need for belowground resource
exploitation and a higher investment of carbon into root systems (Chapin et al. 1987,
Matamala and Schlesinger 2000). Nutrient availability, i.e. soil nitrogen, may limit plant
response to elevated CO2 (Reich et al. 2006); however, Poorter and Nagle (2000) suggested
that this limitation may be the cause for higher allocation of biomass to roots.
Ainsworth and Rogers (2007) showed that the primary plant responses to elevated
CO2 concentrations are increased photosynthesis and reduced stomatal conductance.
Plants grown under elevated CO2 concentrations have also been shown to exhibit increased
resource use efficiency (Drake et al. 1997, Leakey et al. 2009). These responses are often
expressed as increased plant biomass and productivity. Curtis and Wang (1998) conducted
a meta-analysis of more than 500 studies on trees grown in chambers or greenhouses and
concluded that net CO2 assimilation and total biomass were shown to significantly increase
at twice-ambient CO2 regardless of growth conditions. A meta-analysis of free air carbon
dioxide enrichment (FACE) and open-top chamber (OTC) experiments showed that
elevated CO2 stimulated belowground plant biomass by an average of 28% (de Graaff et al.
2006).
Long-term CO2 Enrichment at Kennedy Space Center
An 11-year study at Kennedy Space Center in Florida sought to quantify the effects
of elevated atmospheric CO2 via long-term comparisons of plant growth under ambient and
elevated CO2 levels within open-top chambers. In 1996, sixteen open-top chambers, 2.5 m
tall and containing an area of 9.4 m2, were constructed and maintained from 1996-2007.
Eight of these chambers were maintained at ambient CO2 (~350 ppm in 1996 and ~380
ppm in 2007), while the other eight chambers were maintained at 350 ppm above ambient
for the duration of the experiment (Schroeder 2011). At the conclusion of the study, total
aboveground biomass was 67% higher in the elevated CO2 chambers than the ambient
chambers (Seiler et al. 2009) and belowground biomass was 15% higher in the elevated
chambers (Day et al. 2013), showing a proportionally greater response aboveground.
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Interestingly, this response was species specific, and was primarily seen in Quercus
myrtifolia, which increased in aboveground biomass by 128%, while Quercus geminata
showed no significant treatment response (Seiler et al. 2009). Day et al. (2013) showed that
fine root growth increased during the first 3 years of the study, and cycled thereafter. While
fine roots exhibited significant CO2 stimulation only after disturbance, there was a trend of
greater total root biomass under elevated CO2 over the full length of the study (Schroeder
2011, Day et al. 2013).
The long-term Kennedy Space Center study concluded in 2007. Remaining questions
were whether or not the effects of the study could still be seen in the ecosystem post
treatment or if the scrub oak community would return to its pre-experimental disturbance
state, and would these legacy effects be reflected in the recovery process following return
to a natural fire regime. Do community properties (structural and functional), altered as a
result of elevated CO2, persist after CO2 levels have returned to their previous levels (i.e. is
there a legacy effect in belowground plant biomass after exposure to elevated CO2)? Given
that this system recovers from aboveground fire disturbance via sprouting new shoots
from surviving root structures (Schmalzer and Hinkle 1991 and 1992), can higher coarse
root mass in the elevated CO2 plots be linked to more rapid recovery following fire? The
potential of this legacy effect of elevated CO2, as a result of altered belowground plant
structures, to alter ecosystem development well beyond the initial perturbation has
important implications for carbon sequestration and ecosystem function in the face of
continued climate change.
Disturbance and Recovery at Kennedy Space Center
The Kennedy Space Center study site is primarily composed of scrub-oak
shrublands that are subjected to frequent disturbance via wildfires, periodic drought, and
hurricanes. Lightning associated with thunderstorms is responsible for igniting wildfires,
which have a 10 to 15-year cycle and are the dominant ecosystem disturbance. These fires
are essential for maintaining this community as a scrub-oak dominated system, as their
frequent return interval prevents larger, less fire tolerant species from moving in. Evidence
suggests that the system reached canopy closure, root closure, and displayed signs of
nitrogen limitation in as few as five years after the initial fire disturbance in 1996
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(Ainsworth et al. 2002, Hungate et al. 2006, Seiler et al. 2009, Day et al. 2013). CO2
enrichment was continued after the community reached this state, but the CO2 effect
appeared to decrease over time for both fine roots and aboveground biomass, with the
exception of 2005, following disturbance by two late 2004 hurricanes (Seiler et al. 2009).
The spike in both above and belowground biomass in 2005 is evidence that the hurricane
disturbance temporarily renewed the effect of CO2 concentration on biomass production
(Seiler et al. 2009 and Day et al. 2013). These findings suggest that the strength and
frequency of disturbances may play a significant role in determining the expression of CO2
effects in a highly disturbed system. Since the expression of the legacy effects of CO2
enrichment appears to be affected by disturbances, these effects are likely to show a high
level of variability based on the disturbance regime and species composition.
Objectives
The primary objectives were to determine the possible legacy effects of CO2
enrichment on plant carbon pools above and belowground six years after the cessation of
CO2 treatments, and two years following a fire, as well as to use GPR to develop biomass
estimates for this system. This study sought to determine if any legacy effects of CO2
enrichment were present, and if so, what were the magnitudes of those effects? The study
site burned in the summer of 2012, nearly two years prior to harvest in March of 2014,
thus the 12 previous plot locations were in the midst of recovery from this most recent
disturbance event. This study also sought to determine if 11 years of CO2 enrichment has
altered aboveground patterns of system recovery from fire disturbance. Given the results
of the original CO2 enrichment study, I hypothesized that there would be greater
aboveground biomass in the formerly elevated treatment plots, but that there would be no
significant difference in the belowground biomass between treatments. Despite the lack of
significant difference between the two treatments in belowground biomass during the
original experiment, due to the role of coarse root structures in recovery, I hypothesized
that there would be greater aboveground regrowth in the formerly elevated treatment
plots.
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Methods
Fall 2013
Twenty-five locations for coring (15 cm diameter to a depth of 60 cm) within the
study site were selected, representing a wide spectrum of root density within the system.
These locations were scanned in four relative directions: 0o, 45o, 90o, and 135o. Due to no
significant difference in accuracy between 8 transects per scanning direction and 4
transects per scanning direction at the Blackwater site, 4 parallel transects at 3 cm
intervals were taken for each of the four directions (Fig. 20). Each transect was extended
beyond the core area 15 cm in each direction to eliminate edge effects. After each location
was scanned, the cores were excavated and the roots separated from the soil by sieving.
The roots from each core were bagged and brought back to the lab for analysis. These core
scans were used to develop a biomass regression using the methods described in chapter 2.

Figure 20: GPR scan guide for 15 cm cores showing the 4 scan
directions and the 4 parallel transects used at KSC and DWP.
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Twelve plots from the long-term CO2 enrichment experiment were located and
marked (six ambient air plots and six elevated CO2 plots). There were originally sixteen
experimental plots used in the study (eight ambient air plots and eight elevated CO2 plots);
however, four of these original sixteen plots had not burned in the 2012 fire and thus were
not included in this analysis. Thirty-six 0.25 m2 subplots were randomly located within the
twelve remaining original experimental plots, with three subplots in each. These subplots
were marked and then one subplot within each experimental plot was scanned using a
freeform scanning technique in which two perpendicular transects of the subplot were
taken as allowed by the existing aboveground vegetation. The aboveground vegetation
within the 0.25 m2 area of each of the 36 subplots was then harvested, bagged, and brought
back to the lab for analysis. After the removal of the aboveground vegetation, the 12
previously scanned subplots were rescanned in the established grid-sampling pattern
described in chapter 2. These subplots were not excavated at this time, but were marked so
that they could be rescanned in the spring of 2014 before being excavated.
Spring 2014
All of the aboveground vegetation within the 9.45 m2 footprint of the original opentop chambers was clipped. It was not possible to bring all of this vegetation back to the lab
for analysis, so it was weighed for an air-dry weight on site. Three bags of clipped
aboveground vegetation from the site were weighed on site and brought back to the lab in
order to establish an air-dry to oven-dry conversion. All 36 subplots were rescanned in the
same grid pattern used during the first scanning effort in the Fall of 2013. The twelve
subplots that were scanned during both site visits were then excavated to a depth of 60 cm
and the roots were separated from the soil via sieving. The roots were bagged and brought
back to the lab for analysis. Biomass estimation for the natural system (no CO2 enrichment)
was done using only the data from the six ambient CO2 subplots. The six elevated CO2
subplots were used for comparison against the ambient CO2 subplots in order to determine
any existing treatment legacy effects belowground.
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Analysis
The core samples taken in the Fall of 2013 were used to develop a regression
against the scanned pixel counts applicable to this shrub-scrub system. This regression was
used for all biomass estimates for the KSC study site. The scans before and after
aboveground vegetation removal were compared to determine the effect of aboveground
vegetation on scanning effectiveness for biomass prediction using a Wilcoxon Signed Rank
test. Biomass estimates from the grid scanning in the Fall of 2013 as well as Spring of 2014
were compared to the observed biomass as well as to each other using a Wilcoxon Signed
Rank test to determine the viability of GPR for biomass estimates.
Aboveground biomass for the twelve original experimental plots and aboveground
regrowth after fire for the eighteen CO2 enriched subplots were compared to the eighteen
ambient subplots using a Mann-Whitney-U test in order to determine the legacy effects of
CO2 enrichment on aboveground vegetation.
The observed belowground biomass of the CO2 enriched subplots was compared to
the observed belowground biomass of the ambient plots using a Mann-Whitney-U test.
Similarly, the GPR estimated values for belowground biomass of the CO2 enriched subplots
were compared to the GPR estimated belowground biomass of the ambient plots for both
Fall 2013 and Spring 2014 using a Mann-Whitney-U test.
Results
Coarse Root Biomass Estimation
From the KSC cores, a regression of y = 0.3831x + 59.886 (R2 = 0.52912) was
developed (Fig. 21). GPR biomass estimates were obtained in November of 2013 and March
of 2014. November scanning yielded an estimated coarse root biomass of 5175
g/m2 SE, while March scanning yielded an estimated coarse root biomass of 5351
g/m2 SE (Fig. 22). When compared to the observed coarse root biomass of 5060

510
504
835

g/m2 SE, neither of these estimates proved to be significantly different (P = 0.92), nor were
they significantly different from each other (P = 0.75).
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Freeform scanning without removing the aboveground vegetation was done in
November of 2013, producing an estimate of 6969

1976 g/m2 SE that was also not

significantly different from the observed biomass (P = 0.46), but due to overestimation and
high error was deemed less useful than grid scanning after removal of aboveground
vegetation and was not conducted at other sites (Fig. 23).
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Figure 21: Relationship between total observed biomass obtained from 15 cm cores to a
depth of 60 cm and GPR root reflectance as measured by total pixels within threshold
for the Kennedy Space Center study site.
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Figure 22: Observed coarse root biomass for the six ambient CO2 plots compared to
GPR produced estimates produced from two separate scanning efforts. Error bars
represent plus or minus one standard error.
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Figure 23: Observed coarse root biomass compared to the GPR estimated
coarse root biomass produced from freeform scanning utilizing two perpendicular
transects for each plot. Error bars represent plus or minus one standard error.

It is important to note that only the six ambient CO2 subplots were used in biomass
estimations for the system, and that the six subplots located in the previously elevated CO2
chamber footprints were only used for comparing biomass levels between ambient and
elevated treatments.
Above and Belowground CO2 Legacy Effects
Aboveground biomass was significantly higher in the previously elevated plots than
in the ambient plots; 675

39 g/m2 SE compared to 480

21 g/m2 SE (P < 0.01) (Fig 24).

Observed belowground coarse root biomass in plots previously exposed to elevated
levels of CO2 was 5637

598 g/m2 SE compared to 5060

835 g/m2 SE in the ambient

plots, but it was not significantly higher (P = 0.58) (Fig. 25).
In line with the observed coarse root biomass, GPR estimated higher belowground
biomass in the elevated CO2 subplots in both the 2013 and 2014 scanning efforts, but did
not estimate a significantly higher amount when compared to ambient estimates either
time (P = 0.63 and 0.69, respectively) (Fig. 26).
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Figure 24: Observed aboveground biomass within the chamber
footprints from the previous CO2 enrichment study for
both ambient and elevated CO2 chambers. Error bars
represent plus or minus one standard error.
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Figure 25: Observed belowground biomass within the chamber
footprints from the previous CO2 enrichment study for both
ambient and elevated CO2 chambers. Error bars
represent plus or minus one standard error.
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Figure 26: GPR estimates for coarse root biomass for ambient and elevated
CO2 plots compared to observed values. Error bars represent
plus or minus one standard error.

In the November 2013 scanning, GPR estimated 5175
subplots and 5725

510 g/m2 SE in the ambient

640 g/m2 SE in the elevated subplots. While not significantly

different from each other, these estimates compared favorably to the observed values of
5060

835 g/m2 SE and 5637

598 g/m2 SE that were calculated from the ambient and

elevated subplots. Scanning efforts in March 2014 produced estimates of 5351
SE in the ambient subplots and 6738

504 g/m2

1092 g/m2 SE in the elevated subplots. This

ambient value again compared favorably, but the elevated plots were overestimated.

Discussion
Coarse Root Biomass
Using the same regression method that was used in the Blackwater Preserve, the
regression for Kennedy Space Center produced a weaker correlation coefficient than seen
for the Blackwater Preserve, but was similar to the regression produced by Day et al.
(2013) for the KSC study site, and more accurately predicted high biomass levels than the
previously developed regression for this site. Like Blackwater Preserve, GPR showed a
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limited ability to accurately predict biomass within specific 0.25 m2 plots, but was accurate
when multiple plots were grouped together.
Both Kennedy Space Center grid-scanning events in the ambient subplots provided
accurate estimates of biomass, being quite close to the observed biomass of 5060 g/m2, and
they were also in line with the coarse root biomass estimate of 5476 g/m2 that was
previously obtained at this site (Day et al. 2013). Additionally, the two estimates produced
from separate scanning events of the same area differed by less than 200 g/m2, suggesting
a high level of precision between these two scanning events. The lack of significant
variability between ambient CO2 biomass estimates or observations either during this
study or between this study and previous work at the site suggests that there has not been
a significant change in the belowground coarse root biomass at the site in the seven years
since the experiment was completed. This would suggest that any legacy effects that may
have been present in coarse root biomass at the conclusion of the experiment in 2007 were
not likely influenced by external changes to the system. Alternatively, the apparent lack of
major belowground changes within the system would indicate that any changes in the
belowground biomass of the elevated CO2 plots could be attributed to the effects of the
original experiment.
Elevated and Ambient CO2 Belowground Biomass
Despite the clear differences in coarse root biomass between the ambient and
elevated CO2 treatments, neither the observed values nor the GPR biomass estimates
proved to be significant at the P = 0.05 level. This would suggest that there was no
significant belowground legacy effect of the long-term CO2 enrichment study. Stover et al.
(2007) and Day et al. (2013) found similar non-significant results. Despite the lack of a
significant difference, Stover et al. (2007) found a treatment difference of 1881 g/m2 (P =
0.12) and Day et al. (2013) found an average difference of 726 g/m2 (P = 0.28) between the
two treatments. While these findings lack statistical significance, these values, combined
with the 577 g/m2 difference observed in this study, clearly illustrate that a pattern exists
in which elevated CO2 results in increased coarse root biomass, that persists years after CO2
enrichment has ceased.
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The failure to find significance in these studies is most likely due to a lack of
statistical power as a result of having at most eight replicates for each treatment, a
situation that could not be avoided due to the experimental design and cost limitations. The
presence of the same trend within all three studies suggests that there likely is an effect
present, but that the experiment was not able to significantly quantify it based on the
original experimental design.
CO2 Legacy Effects
Aboveground biomass was significantly higher in the elevated CO2 treatment when
compared to the ambient CO2 treatment at the final harvest of the original 11-year
experiment in 2007 (Seiler et al. 2009). This indicated that aboveground biomass was
67.5% higher in the elevated plots, largely driven by a strong positive response to elevated
CO2 by the dominant oak species, Quercus myrtifolia (Seiler et al. 2009). The original
experiment was unique in that CO2 stimulation was continued despite the system reaching
canopy closure (Ainsworth et al. 2002, Li et al. 2007), root closure (Day et al. 2006), and
nitrogen limitation (Hungate et al. 2006). Norby et al. (1999) pointed out that these three
factors are the critical constraints predicted to limit CO2 response. Aboveground biomass
appeared to have followed the pattern of canopy closure, root closure, and nitrogen
limitation, as the leveling off and stability experienced in 1999 mirrored the stabilization of
cumulative biomass stimulation and maximum nitrogen uptake, which also occurred in
1999 (Hungate et al. 2006, Seiler et al. 2009).
Significantly higher aboveground biomass in the previously elevated plots, seven
years after fumigation had stopped, suggests that there is a legacy effect of elevated CO2
still influencing growth. Specifically, this effect is displayed in significantly higher
aboveground regrowth following fire. This study found 40.6% more aboveground biomass
in the previously elevated plots compared to the ambient plots. Seiler et al. (2009) found
significant differences between elevated and ambient CO2 treatments within the first year
of fumigation, but the relative effects of elevated CO2 on aboveground biomass continued to
increase over the first 3 years before leveling off at 67.3% in 1999 and remaining stable for
the remainder of the study. When this most recent harvest was completed, the system was
only slightly less than two years removed from the most recent fire disturbance and was
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still in the process of recovering. This pattern of recovery after disturbance is further
supported by disturbance recovery patterns displayed during the original experiment.
Despite appearing to reach canopy closure in 1999, the aboveground vegetation was
disturbed in September of 2004 by a pair of hurricanes. The defoliation that occurred
effectively opened the canopy and a surge of growth resulted that was significantly
stronger in the elevated treatment, temporarily renewing the fertilization effect of elevated
CO2. This 2004 surge regained closure in 2005, but did not represent as large of a
disturbance as either of the prescribed burns that preceded the original experiment and
this most recent study (Li et al. 2007). These various disturbance events suggest that
recovery time is tied to disturbance intensity and thus it is clear that the system was still
recovering in 2013/2014 when the plots were harvested. Because the system had not
reached closure, it was not possible to determine the full magnitude of the legacy effects,
and thus not possible to determine if a reduction in the strength of the original CO2 effects
had occurred.
Both the aboveground recovery seen from 2012 to 2014 and the belowground
coarse root biomass suggest that elevated CO2 continues to exert influence over plant
growth even seven years after levels were returned to ambient. Seiler et al. (2009)
observed that in the absence of the hurricane disturbance in 2004, absolute annual
biomass declined over the duration of the experiment. Based on these results, they
hypothesized that, without disturbance, response to elevated CO2 may have continued to
decline. This hypothesis would place added importance to highly disturbed systems when
considering the mitigating potential of vegetative systems on the effects of rising
atmospheric CO2. Our results support this potential by demonstrating that the legacy effect
of increased response to disturbance is still present despite the lack of continued CO2
elevation. Of particular importance is the potential shift in the ecosystem carbon budget as
a result of altered disturbance response. Ecosystem recovery following fire disturbance in
the scrub-oak system occurs via the remobilization of stored, belowground nutrients to fuel
regrowth (Schmalzer & Hinkle 1992, Langley et al. 2002). Seiler et al. (2009) suggested that
a similar pattern of recovery may occur after hurricane disturbances as well. The enhanced
recovery of the scrub oak system under elevated CO2 illustrates a potential shift in carbon
allocation within the system as a result of climate change.
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Conclusions
Our results show that elevated atmospheric CO2 results in significantly increased
aboveground recovery following various disturbances, potentially due to increased
belowground storage. When combined with the prediction of increases to disturbance
frequency and intensity, this change in recovery pattern due to elevated CO2 has the
potential to alter plant carbon allocation patterns and possibly the ecosystem carbon
budget as well. More research is needed to determine the full strength and duration of
elevated CO2 legacy effects, but the data available show that there is the potential for
significant changes to the ecosystem carbon budget and allocation. The persistence of the
legacy effects and the increased expression of these effects following disturbance suggest
that highly disturbed systems may behave quite differently from less disturbed systems in
the face of climate change, illustrating the need for future research to better quantify the
potential changes to carbon budgets and allocation within this and similar systems in
response to rising levels of atmospheric CO2.
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CHAPTER 4
LONGLEAF PINE RESTORATION AND BELOWGROUND CARBON STORAGE
Introduction
Longleaf Pine Restoration in the Disney Wilderness Preserve
As human population continues to grow, the degradation of quality natural habitat
will also grow. The relationship between habitat loss and biodiversity loss has been well
documented (Fahrig 2003, Stuart et al. 2004, Thomas et al. 2004, Worm et al. 2006).
Additionally, climate change has been shown to magnify the effects of habitat degradation
on biodiversity (Pyke 2005, Van Lear et al. 2005). In light of climate change, the potential to
mitigate anthropogenic carbon emissions through carbon storage can be viewed as an
ecosystem service with an assignable value (Stainback and Alavalapati 2004, Houghton
2007, Galatowitsch 2009). Taken together, these relationships would seem to leave land
managers with the straightforward goal of preserving natural habitat in order to maintain
biodiversity as well as ecosystem services such as carbon storage; however, certain
multiuse management techniques such as prescribed fire often yield conflicting results
(Becker 2011). In a longleaf pine (Pinus palustris Mill.) system, for example, fire is critical to
the maintenance of species composition and ecosystem structure, but also results in the
release of large amounts of stored carbon (Abrahamson and Hartnett 1990); thus, it is
important to determine the most efficient prescribed fire regime to optimize biodiversity
as well as store carbon (Galatowitsch 2009).
Ross Hinkle (personal communication) is currently studying the potential for
carbon storage in the restored longleaf pine flatwoods system found within the Disney
Wilderness Preserve (DWP) in Florida. His research has estimated that mean carbon stock
in the aboveground biomass, litter, and top 90 cm of soil in an area of un-restored pasture
within DWP was ~13.3 kg C/m2, and that longleaf pine flatwoods had the highest carbon
stock at ~17.7 kg C/m2 (Becker 2011). The aboveground biomass and litter carbon stocks
were found to increase following restoration and the reintroduction of fire, despite the
obvious short-term loss of aboveground biomass immediately following fire (Becker 2011).
Their data show that ecosystem structure and richness, as well as carbon storage, have
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increased as the area has transitioned from unrestored pasture to longleaf pine flatwoods.
The reintroduction of fire has allowed for longleaf pine germination and seedling success
via the temporary removal of competitors by fire. Free from competitive pressures,
longleaf pine seedlings can germinate and reach adequate height before competitors
return.
Notably missing from the previous work was an accurate quantification of
belowground plant biomass. These belowground structures are not likely to be disturbed
by fire, and provide the foundation for aboveground regrowth for many competitive
species within the flatwoods, particularly scrub oaks. Following fire events, the reallocation
of nutrients stored in belowground structures are used as fuel for new growth and
recovery of these scrub oak species (Becker 2011). As such, belowground structures
represent both undisturbed carbon storage as well as a foundation for renewed
aboveground storage following fire. The addition of accurate estimates of belowground
plant biomass over time and the carbon storage that these structures provide under
various fire regimes should allow for a number of important questions to be answered:
What is the potential for belowground carbon storage in a restored longleaf pine flatwoods
system? How does a prescribed fire regime affect belowground plant structures and carbon
storage? What is the magnitude of stored carbon loss from belowground structures due to
fire relative to the aboveground loss? These data should lead to a much clearer picture of
the total potential for carbon storage in these systems as well as a better understanding of
the most appropriate management strategy going forward in the face of climate change.
This study sought to provide a baseline data set for belowground plant biomass within the
study area via GPR biomass estimation. I hypothesized that the current carbon stock
estimates were underestimating actual carbon storage for the restored longleaf pine
flatwoods and that coarse root biomass represented a significant portion of the carbon
storage potential for this system. Given that coarse root biomass for unrestored pasture
should be minimal, I also hypothesized that accurate coarse root biomass data for the
restored longleaf pine flatwoods would result in an increase in the difference in carbon
storage potential between the two systems, adding additional value and justification to
restoration of these systems.
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Methods
Data Collection
Twenty-five locations for coring (15 cm diameter to a depth of 60 cm) within the
study site were selected, representing a wide spectrum of root density within the system.
These locations were scanned in four relative directions: 0o, 45o, 90o, and 135o, using the
method described in chapter 3 (Fig. 20). After each location was scanned, the cores were
excavated and the roots separated from the soil by sieving. The roots from each core were
bagged and brought back to the lab for analysis. These core scans were used to develop a
biomass regression using the methods described in chapter 2.
Twelve 0.25 m2 plots located within 400 m2 plots established during a previous
study (Becker 2011) were sampled in the current study. These plots were randomly
located within 20 m of the 400 m2 plot center-point markers and the aboveground
vegetation was removed. After the removal of the aboveground vegetation, the 12 plots
were scanned in the established grid-sampling pattern described in chapter 2. The 12 plots
were then excavated to a depth of 60 cm and the roots were separated from the soil via
sieving. The roots were bagged and brought back to the lab for analysis.
Analysis
The core samples were used to develop a regression against the scanned pixel
counts applicable to this longleaf pine flatwoods system. This regression was used for all
biomass estimates for the Disney Wilderness Preserve study site. Biomass estimates from
the grid scanning were compared to the observed biomass using a Wilcoxon Signed Rank
test to determine the viability of GPR for biomass estimates in this system. Carbon content
of coarse root structures was determined as 50% of dry biomass (Thomas and Martin,
2012).
Results
Data collected at the DWP site produced a regression of y = 0.1452x + 49.575 (R2 =
0.7529) (Fig. 27). Plot scanning for the Disney Wilderness Preserve resulted in an
estimated coarse root biomass of 5974

1111 g/m2 SE, compared to the observed coarse
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root biomass of 7489

1006 g/m2 SE. Statistically, this estimate was not significantly

different than the observed biomass (P = 0.14), but this level of underestimation may limit
the usefulness of the technique. When I excluded the four plots that had large palmetto
rhizomes at or near the surface, I saw an estimated coarse root biomass of 6966
g/m2 SE, which was much closer to the observed coarse root biomass of 6537

1564
1178

g/m2 SE in those 8 plots (P = 0.89).
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Figure 27: Relationship between total observed biomass obtained from 15 cm cores to a depth
of 60 cm and GPR root reflectance as measured by total pixels within threshold for the
Disney Wilderness Preserve.

Using an estimate of 50% of biomass for carbon content of coarse roots (Thomas
and Martin, 2012), the carbon content (excluding Serenoa repens rhizome biomass) was
estimated by GPR to be 3.5

0.8 kg C/m2 SE. This estimate rose to 3.7

0.5 kg C/m2 SE

when based upon the observed coarse root biomass (including Serenoa repens rhizome
biomass) rather than the GPR biomass estimate.
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Discussion
Carbon Storage in Roots in Long Leaf Pine Flatwoods
Robinson (2007) compiled data on root biomass across the terrestrial biomes
(Table 1) and estimated carbon content of the root systems in each biome. Using the
conversion factor determined by Thomas and Martin (2012), these root biomass estimates
provide carbon content estimates for root systems in various terrestrial biomes. Robinson
(2007) did not produce an estimate of root biomass for subtropical forests; however, it can
be assumed that it would fall between tropical and temperate forest values. Using this as a
guide, the estimates of 7489 g/m2 of coarse root biomass and 3.5 – 3.7 kg C/m2 derived
from the coarse root biomass data in this study appear to fall midway between the tropical
and temperate forest estimates for root carbon content, except that these estimates are for
coarse root biomass only.

Table 1. Best estimates of oven-dry root biomass for terrestrial biomes as of 2006.
Biome

Root Biomassa (g/m2)

Tropical Forest
Temperate Forest
Boreal Forest
Tropical Savanna
Temperate Grassland
Desert
Tundra
Crops
a
b

8400
5700
2200
1700
500
350
400
80

Carbon Contentb (kg C/m2)
4.2
2.85
1.1
0.85
0.25
0.18
0.2
0.04

Belowground biomass estimates taken from Robinson (2007).
Root C is assumed to be 50% of oven-dry mass (Thomas and Martin, 2012).

Robinson (2007) provided overall root biomass estimates, which include both
coarse and fine root biomass values. This would suggest that the estimates for coarse root
biomass and carbon content produced in this study should not compare favorably to the
data provided by Robinson (2007) as the data produced in this study include only coarse
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roots. Robinson (2007) argues that the data available at the time were an underestimate of
actual root biomass and that the data being used to determine carbon content represented
only 60% of the actual root biomass for the various systems. Expanding the root biomass
estimates to account for this underestimate yields root carbon storage values of 7.0 kg
C/m2 for tropical forests and 4.75 kg C/m2 for temperate forests. The coarse root carbon
content estimates of 3.5 – 3.7 kg C/m2 derived in this study for the longleaf pine flatwoods
do not include fine roots and thus should be lower than the Robinson’s estimates. The
coarse root carbon content estimates of 3.5 – 3.7 kg C/m2 derived in this study are nearly 1
kg C/m2 higher than Robinson’s original estimate for temperate forests.
The coarse root carbon content estimates determined in this study suggest that GPR
estimates of coarse root biomass are accurate enough to serve as a means of estimating
coarse root carbon storage. The prediction of 3.5 – 3.7 kg C/m2 stored in coarse roots that
was determined in this study suggests that Robinson may be correct in his assertion that
previous root biomass estimates are low and are resulting in an underestimate of root
carbon stocks, as this value would have been more appropriate for all roots based on the
2006 root biomass data. Further study into the carbon storage of fine roots in the longleaf
pine flatwoods of the Disney Wilderness Preserve would likely confirm that root carbon
storage of this system is either higher than the average subtropical forest or that the
previously used values for root biomass estimation are in fact below the true values.

Table 2. Estimating root carbon content for terrestrial biomes assuming current (2006) root biomass
estimates are 60%a of true values.
Biome
Tropical Forest
Temperate Forest
Boreal Forest
Tropical Savanna
Temperate Grassland
Desert
Tundra
Crops
a

Table 1 C Estimate (kg C/m2)

Potential Root Carbon (kg C/m2)

4.2
2.85
1.1
0.85
0.25
0.18
0.2
0.04

Assumption of 60% of true root biomass taken from Robinson (2007).

7.0
4.75
1.83
1.42
0.42
0.3
0.33
0.067
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Becker (2011) has shown that carbon stocks in aboveground biomass, litter, soil
charcoal, and uncharred soil organic matter > 2 mm all varied significantly between
longleaf pine flatwoods and both unrestored pasture and pasture in restoration. Becker
(2011) also acknowledged that neither these data nor overall carbon stock values for the
DWP include coarse root biomass.
Our estimates produced using GPR suggest that the carbon stock value of 17.7 kg
C/m2 (Becker 2011) within longleaf pine flatwoods should increase by an additional 3.5 ±
0.8 kg C/m2, not including Serenoa repens rhizome biomass. Serenoa repens rhizomes were
not accurately identified at Kennedy Space Center nor Disney Wilderness Preserve, likely
due to their relatively low water content and position at or near the surface-air interface,
and as such are not represented in GPR estimates of belowground biomass. Using the
observed biomass values from the 12 excavated plots, which include Serenoa repens
rhizome biomass, an additional 3.7 ± 0.5 kg C/m2 should be added to the previous estimate.
This represents an increase of over 20% to the total estimate of carbon stock in a restored
longleaf pine flatwoods system. While not investigated in this study, coarse root carbon
stocks for unrestored pasture and pasture in restoration are likely significantly lower than
the values produced here for restored longleaf pine flatwoods, further accentuating the
value of restoration in these systems as it relates to carbon storage potential.
Restoration and Carbon Storage Potential
In light of climate change and rising atmospheric CO2, carbon storage potential has
become a vital ecosystem service and will continue to be of great importance in the future.
These data show that restoration efforts in previously destroyed longleaf pine systems
have a definite and significant benefit in terms of carbon storage potential. Galatowitsch
(2009) pointed out that an economic value can be assigned to restoration efforts through
the change in carbon storage (i.e. carbon offsets). By building a complete carbon budget for
this system, we can identify the exact value of these longleaf pine flatwoods relative to
climate change. Additionally, the ecosystem services provided to native species by the
restoration of their natural habitat and the preservation of biodiversity provide further
justification for the costs of restoration. Although these exact values are typically more
difficult to identify, they are also important, as habitat degradation and fragmentation have
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been shown to magnify the effects of climate change on native species (Pyke 2005; Van
Lear et al. 2005).
My results from the Kennedy Space Center plots suggest an even greater value to
restoration via increased coarse root biomass under elevated CO2. My data from Kennedy
Space Center indicated that a non-significant trend existed in the form of 12% more coarse
root biomass under elevated CO2. As pasture is restored to longleaf pine flatwoods, it is
expected that coarse root biomass would also increase. This increase is likely to be
compounded by increasing atmospheric CO2, resulting in even greater carbon storage
potential for these systems as atmospheric CO2 continues to rise.
Another potential benefit can be seen in the potential for faster recovery from
disturbance. Similar to the scrub-oak system found at KSC, the longleaf pine flatwoods are a
highly disturbed system, experiencing frequent fire disturbance events. It is likely that the
enhanced aboveground recovery from fire seen at KSC would also be found in these
systems as atmospheric CO2 continues to rise, particularly due to the post-fire sprouting of
the dominant longleaf pine. A key balancing point in the restoration of these systems is the
proper fire interval, especially for maximizing carbon storage. Fire is necessary for
maintaining longleaf pine flatwoods systems, but it also has the potential to release a great
deal of previously stored carbon back into the atmosphere, primarily from aboveground
structures. Enhanced aboveground recovery under elevated CO2 would help mitigate these
losses by allowing more rapid recapture of lost carbon as aboveground structures are
replaced via regeneration and reproduction.
Conclusions
The coarse root biomass data collected in this study provide a baseline value for
carbon storage within restored longleaf pine flatwoods. In order to better understand the
full potential for carbon storage in the Disney Wilderness Preserve, coarse root biomass
data needs to be gathered for not just this system, but the other unrestored and restored
systems within the Preserve. This will allow for a full view of carbon storage within the
Preserve and will aid in management decisions going forward. Additionally, these data
should continue to be collected over time within these systems in order to determine both
long-term potential as well as the ideal prescribed fire interval. Because the need for fire
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must be balanced against the loss of carbon storage, there exists a return interval at which
the benefits of each are maximized. Long-term observation of these systems under multiple
fire regimes is likely the only way to definitively determine what the ideal fire interval is.
The carbon storage potential for longleaf pine flatwoods has been clearly demonstrated in
this system. Further research will continue to illustrate just how valuable this service is in
light of climate change.
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CHAPTER 5
ROOT ARCHITECTURE
Introduction
Fitter (1987) asserts that to understand roots from an ecological perspective, one
has to focus on the morphology of the root system, rather than on individual roots, thus
suggesting the importance of understanding root architecture. This understanding is
crucial to understanding belowground resource acquisition as well as carbon storage. Root
architecture is typically defined as the explicit spatial configuration of root systems
resulting from a complex assemblage of subunits (Lynch 1995). A plant’s ability to capture
and transport essential resources is dependent on the shape and structure of its root
system (Fitter et al. 1991). Lynch (1995) pointed out that the formation of a unique or
complex spatial arrangement of roots ensures successful exploitation of resources, because
soil resources are not evenly distributed and are often difficult to access due to physical
impediments. Due to this relationship between resource exploitation efficiency and root
architecture, there is a great deal of interest in mapping tree root systems (Hruska et al.
1999, Stokes et al. 2002, Butnor et al. 2001, 2008). Previous studies of root systems in the
field have largely proven unsuccessful due to the inability to effectively measure spatial
distribution and behavior in a non-destructive way (Fitter and Strickland 1992).
Additionally, attempts to develop a classification system for root architecture have met
little success due to the high level of plasticity exhibited by root systems (Cannon 1949,
Weaver 1958, Krasilnikov 1970, Fitter 1987). In order to develop effective, manipulative
studies that will lead to a higher understanding of the processes that drive root system
development, a better understanding of spatial and temporal distribution is necessary
(Hutchins and John 2003).
Wielopolski et al. (2000) successfully obtained 3-D images from radar scans using
fresh tree twigs buried in a sand box to simulate roots, but ultimately concluded that
improvements to GPR hardware, software, and signal processing were needed before
precise 3-D root images could be obtained using radargram data. Stover (2007) further
showed the potential of GPR to map root distribution patterns by comparing horizontal
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slices produced in RADAN software to observed roots. Schroeder (2011) was also able to
successfully map coarse root structures and use the top-down view (via digital photograph
from above the excavated plot) to estimate horizontal root distribution or “root cover”
within an experimental plot. Significant upgrades have been made to both the 2-D and 3-D
imaging capabilities within RADAN software since these studies.
This study utilized a similar technique as that used by Schroeder (2011) to quantify
root cover. Assuming significant upgrades to RADAN software in the more than 3 years
since this work was last done, I hypothesized that recent improvements in equipment and
techniques will yield the ability to map roots in situ via GPR with both accuracy and
precision. By utilizing a similar technique, comparable results were anticipated in order to
assess and quantify any improvements in the method. Improved accuracy and precision in
measuring root cover would allow for spatial analysis of coarse root systems in addition to
biomass estimation. Additionally, this could eventually lead to long-term observation and
quantification of root system growth and expansion, allowing for a stronger understanding
of root growth patterns.
Methods
Data Collection
A single 4 m2 test plot was established in the Blackwater Preserve. The plot was
located so that the entire area of the plot was relatively flat and had no large trees or other
plant life within the plot borders. There were three oak trees (Quercus falcata), each
between 20 – 40 cm diameter at breast height, surrounding the test plot, with each trunk
located within 1 m of the edge of the test plot in order to ensure ample coarse root
structures within the test plot. 100 transect scans were taken in each of the X and Y
directions using the same protocols established in chapter 2. These scans were set at two
cm intervals to establish a dense grid of scanned transects in order to build a 3-D image of
the scanned root system. The test plot was then excavated to a depth of 30 cm using hand
shovels and a shop-vac, leaving all coarse roots greater than 5 mm in diameter in place and
removing all roots less than 5 mm by clipping. Digital photographs of the remaining roots
were taken from a step ladder positioned at the edge of the plot.
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Analysis
The 200 collected GPR scans were processed as a single batch using the image
processing steps established in chapter 2 and were compiled into a 3-D image within
RADAN. This image was manipulated along the X, Y, and Z axes in order to view the
predicted root architecture. For comparison to the digital photographs of the exposed
coarse roots, a top-down image of the image was exported to SigmaScan and the pixels
representing roots were quantified using the protocols established in chapter 2.
The digital photographs were imported into Microsoft Paint and all roots present
within the plot image were hand digitized. The resulting image was imported into
SigmaScan and the pixels representing roots were quantified in the same manner as before.
By overlaying the GPR-generated image over the hand digitized image of the excavated
roots a total number of pixels identified as roots in both methods was also established.
These pixel counts were then compared to determine accuracy and precision of GPR in
representing root cover and architecture.
Results
GPR was able to successfully identify large sections of 21 of the 43 roots present,
representing a 49% success rate. Nine of the ten largest diameter roots were correctly
identified, whereas only twelve of the thirty-three smaller diameter roots could be
quantified. By hand-digitizing the actual photograph of the excavated roots, a coarse root
pixel count of 20,251 was found (Fig. 28). The GPR generated image yielded a coarse root
pixel count of 30,986, which represented an overestimation of 53%. 15,902 pixels were
identified as coarse roots in both methods, suggesting that GPR was able to accurately
identify 78.5% of the 20,251 pixels representing coarse root mass (Fig. 29). Additionally,
the 15,902 correct pixels represented 51% of the total number of pixels identified by GPR
as coarse roots.
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Figure 28: Hand-digitized image of excavated coarse roots within the 4m2 test plot.
(Roots shown in black)
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Figure 29: GPR determined pixels representing coarse roots. Correctly identified
pixels shown in black and incorrectly identified pixels shown in red.
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Figure 30: GPR produced horizontal depth slices showing the
roots detected at A) 5 cm, B) 15 cm, and C) 25 cm depths.
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Discussion
This study was aimed at determining the effectiveness of GPR to assess root cover
and model root architecture. GPR overestimated the number of pixels representing total
root cover by 53%; however, it was able to accurately identify 78.5% of the pixels
identified as coarse roots by hand-digitization. It would appear that the overestimation is
largely due to significant edge effects on two sides of the test plot (the left and bottom
edges of Figure 29) as well as some inability to accurately identify root edges. Through
threshold manipulation, the total number of pixels identified by GPR could be dropped to a
more accurate total pixel count (21,875 pixels with an intensity threshold of 0-188);
however, this required excluding a number of pixels that were clearly representative of
root structures. Thus it was possible to achieve a reasonably accurate total pixel count, but
this would not have best represented the root structures present.
A total root count produced more reliable results and was not so dependent on the
subjective selection of the pixel intensity threshold. Of the 43 coarse roots identified in the
test plot, only 21 were correctly identified, suggesting poor coarse root detection. However,
9 of the 10 largest diameter roots were correctly identified, and when combined with the
accurate identification of 78.5% of the digitized root pixels, GPR appears to have been more
accurate. The answer is likely somewhere in the middle. GPR appears to have been
reasonably accurate for the largest roots, which made up a significant portion of the total
pixels by nature of their larger size; however, it was rather ineffective with smaller coarse
roots, correctly identifying only 36% of the 33 smaller roots present. Because the largest
roots weighed so heavily in the pixel count, these missed smaller roots do not represent a
large portion of missed pixels.
These results suggest that the technology is not yet able to yield accurate or precise
measures of root architecture for all size classes of coarse roots, but that it is capable of
producing accurate results for larger coarse root structures. The edge effects seen in this
experiment are of concern, but likely can be better avoided in future studies and
applications. It is important to note that GPR rarely identified roots where none were
present, rather it was not particularly accurate identifying smaller coarse roots and in
determining the specific boundaries of individual roots. This inaccuracy was particularly
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true in the bottom half of the test plot, where the majority of large roots were present. It is
likely that some of this inability to accurately place root edges may be due to the
transformations necessary to marry the GPR and photo images; however, this alone cannot
account for all of the inaccuracy. It is also important to note that the digital photograph
used for comparison to the GPR produced images was not taken from directly above the
center of the test plot. The difference in angle between the digital photographs and GPR
produced images and the inability to perfectly marry the two images spatially may also be
responsible for some inability to precisely locate roots that were correctly identified but
not accurately placed.
I was also able to use GPR to roughly represent vertical root architecture via
horizontal depth slices taken at varying depths (Figure 30). As the 3-D image was
manipulated along the Z-axis, the GPR reflections for a particular root clearly strengthened
and weakened as the correct depth was approached and passed, allowing for an estimate of
the actual depth of each individual root. Scrolling the 3-D image along the Z-axis allowed
one to visualize each root appearing and disappearing as its particular depth was passed.
While not able to accurately represent the relative depths of all roots, as not all roots were
identified, GPR was able to accurately place the largest roots identified at their relative
depths, allowing for an accurate rough scale representation of the vertical root architecture
of the largest coarse roots present.
Hruska et al. (1999) and Cermak et al. (2000) also used GPR to map tree root
systems, but utilized a method of drawing the root system by hand from individual 2-D
radar scan data. Zenone et al. (2008) analyzed 3-D top-down GPR images in a similar
method to the one used in this study; however, GPR scans were not nearly as tightly packed
and as a result the image resolution was low and only qualitative analyses were conducted
on the data. Schroeder (2011) was able to produce a highly accurate estimate of root cover
using the same pixel-count method in a scrub-oak system in central Florida; however, that
is a system of much higher root density and only total pixel counts were reported. The
percentage of pixels identified as roots in both methods was not reported, thus it is not
possible to compare the precision of that study with this one.
This study and the one conducted by Schroeder (2011) are the only studies that
have sought to quantify total root cover by analyzing top-down 3-D images of intact root
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systems. While Schroeder (2011) was able to produce an accurate estimate of total root
cover via pixel-count analysis, this study suggests that the technique is still lacking the
accuracy necessary for confident results in at least some systems, as the high level of
accuracy found by Schroeder was not repeated in this study.
Despite the low accuracy, it is useful to note that the images produced using GPR
showed a consistent pattern of either 1) missing smaller coarse root structures 2) missing
part of large root structures or 3) over-estimating actual roots. GPR use did not identify a
root that was not present. This consistency, even in error, could allow for GPR to be used
when it is necessary to identify areas where either few or many roots are present. I was
clearly able to demonstrate that the top half of the test plot had a low coarse root density
and that the bottom half of the test plot had a much higher coarse root density. While these
results are not accurate enough for precise root cover estimation, they are still informative
on a rough scale and can be used in a variety of ways. The top-down method is useful for
producing rough estimates of horizontal root distribution without excavation that can be
applied as a guide for determining areas where coarse roots are likely to be found. This will
allow for more efficient and accurate targeted sampling of large roots as well as avoidance
of root structures for soil core collection. Additionally, the accuracy of GPR to represent
both horizontal and vertical root architecture jumped markedly when only the largest
coarse roots were considered, suggesting the possibility for accurate representation of
large coarse roots, particularly in areas of low root density similar to the Blackwater
Preserve.
Conclusions
Schroeder (2011) pointed to the need for further research in the protocols of data
collection and proper software settings for improved results, specifically identifying the
need for adaptations and varied settings specific to individual study sites. Guo et al. (2013)
further suggested that new methods of data collection, such as concentric circle transect
patterns, needed to be explored, and that software and algorithms specifically designed to
identify root reflectors and link object between adjacent transects were necessary for
accurate 3-D modeling of root systems. This study suggests that these improvements are
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still necessary for GPR to be able to accurately reconstruct root architecture or estimate
total root cover.
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CHAPTER 6
CONCLUSIONS
GPR as a Tool for Coarse Root Quantification
The most accurate biomass estimate was obtained in the Blackwater Preserve study
site. This was not surprising as this system is ideal for GPR use, possessing well-drained,
sandy soils with moderate but not extreme coarse root density. The Kennedy Space Center
and Disney Wilderness Preserve regressions yielded estimates that were less precise, but
were still not significantly different from the observed biomass, suggesting that GPR is a
suitable tool for overall biomass estimation across all three systems (Fig. 31).
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Figure 31: GPR predicted biomass compared to observed biomass across the three study sites.
Error bars represent plus or minus one standard error.

Both Stover et al. (2007) and Day et al. (2013) produced GPR estimates for coarse
root biomass at the KSC study site that were lower than the actual biomass observed. Both
previous applications of GPR at this site used a regression that was forced through the
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origin; in essence assuming all biomass was accounted for in the pixel count produced from
the radargrams. This can produce accurate estimates of biomass, but it is likely more
appropriate to assume some amount of coarse root biomass has been missed by GPR and
thus a positive y-intercept is preferable. GPR estimates of coarse root biomass in this study
were slightly higher than the actual biomass, and despite this being a system typified by
high coarse root density, the observed y-intercept of 59.886 is likely a bit high. It is unlikely
that nearly 60 grams of coarse root biomass were missed in each 15-cm diameter core;
thus, this regression may be predicting too much missed biomass, which is likely at least
partly responsible for overestimation. In spite of this overestimation, it is important to note
that, while similar in strength to previous biomass regressions for this system, this most
recent regression proved to be the strongest produced for this system with an R2 = 0.53.
Biomass prediction at the Disney Wilderness Preserve proved to be the least
reliable of the three systems tested in this study, estimating well below the observed coarse
root biomass. This was not significantly different, but likely could have been with more
samples. This underestimation was large enough to call into question the utility of GPR in
this system, except this underestimation is likely the result of a single variable. When the
four plots with large Serenoa repens rhizomes at the surface were excluded the regression
was much more reasonable, although the same issue of a high y-intercept value that was
seen at KSC appeared in this regression as well (y = 49.575).
Serenoa repens rhizomes are often found at or near the surface in pine flatwoods,
and Butnor (2016) has shown that GPR has trouble identifying large structures at or very
near the soil surface interface, suggesting that these rhizomes may be problematic for GPR
based on their position. Additionally, due to their overlapping husk structure these
rhizomes may not hold enough moisture to be differentiated from the surrounding soil by
GPR. These two factors were most likely the cause of the difficulty GPR appeared to have
with Serenoa repens rhizomes near the soil surface. Because of this difficulty identifying
these rhizomes, accurate belowground biomass estimation for this system needs to factor
in this deficiency. A suitable solution would be to combine GPR estimates of coarse root
biomass with a value for rhizome biomass (g/m2) derived from other means.
Freeform scanning with no removal of vegetation appears to provide a viable
method for coarse root biomass estimation without disturbing the aboveground biomass,
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as it was not significantly different from the observed biomass. This method was not as
accurate as estimates derived from grid scanning with the vegetation clipped, but this is
potentially a worthwhile tradeoff for avoiding disturbance to the aboveground vegetation.
Despite this potential benefit, more testing of freeform scanning techniques needs to be
completed as the high standard error in the estimate suggests that a significant difference
may still exist and that a larger sampling effort could potentially produce a biomass
estimate that is significantly different from the observed biomass. This potential inaccuracy
would effectively eliminate this method as a viable alternative, even when the aboveground
vegetation needs to be preserved. Butnor et al. (2001) found that GPR estimates improve
markedly when a composite of multiple transects is used to estimate biomass, and the
relative inaccuracy of the freeform transect method when compared to grid scanning
supports these findings. Additionally, Guo et al. (2013) have pointed out that most in-situ
coarse root investigations using GPR have been conducted using a rectilinear grid pattern,
with some (Zenone et al. 2008) utilizing concentric circle transects of increasing diameter.
Both of these methods represent significant scanning effort when compared to single
perpendicular freeform scanning, but have become the preferred method due to
significantly increased accuracy. While this study indicates that freeform scanning is less
preferable to grid scanning for precise estimation, it has not sufficiently eliminated
freeform scanning as a potentially useful method. Grid scanning is not a viable option when
the removal of aboveground vegetation is not possible, and thus freeform scanning should
still be explored for the potential to accurately measure coarse root biomass while also
avoiding aboveground disturbance.
Methodological testing of various environmental parameters clearly illustrated that
perhaps the most critical aspect of GPR success in quantifying coarse roots is the difference
in water content between roots and the surrounding soil. Slight increases in soil moisture
or drops in root moisture resulted in a significant drop off in GPR successfully identifying
and measuring coarse roots. Coinciding with this finding was the inability of GPR to
recognize bundles of fine roots that could mimic the shape of a coarse root. This was also
likely due to the lack of significant moisture differential between the fine roots and the
surrounding soil. GPR also showed an inability to reliably identify coarse root diameters,
grossly underestimating the largest class of roots tested. GPR was able to identify increases
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in root density and was not significantly affected by root shadowing, suggesting that the
technology can be applied in systems with higher root density.
Climate Change and Coarse Roots
Coarse roots appear to play a role in the potential mitigation of climate change
despite the inability of this work to produce a significant result for belowground biomass.
The trend of increased belowground biomass for elevated CO2 plots seen in the study at
KSC mirrored a trend seen during the original CO2 enrichment experiment, suggesting the
potential for a significant difference beyond the power of this experimental design.
Increased coarse root biomass would mean increased carbon storage potential, particularly
in structures unlikely to be affected by disturbance events such as fire and storms. This
increased belowground carbon storage becomes particularly valuable in high disturbance
systems such as KSC. Additionally, the significant difference in aboveground vegetation
seen between the elevated and ambient CO2 plots clearly demonstrates that a legacy effect
exists. This is also valuable in high disturbance systems, as more rapid aboveground
regrowth under elevated CO2 will result in faster recovery from disturbance and higher
recapture of carbon lost to the atmosphere. The existence of legacy effects seven years post
experiment also suggests that elevated CO2 could result in significant changes to ecosystem
function, resource allocation, and resource limitation. This could result in large-scale
reorganization of niches and ecosystem balance, ultimately having profound effects within
plant communities around the globe.
Role of Coarse Roots in Carbon Budgets
The GPR data gathered at the Disney Wilderness Preserve clearly demonstrate that
coarse roots have a significant role in the overall carbon budget for this system. Coarse root
biomass estimates produced in this study appear to support the claim by Robinson (2007)
that traditional estimates of root biomass are below actual values. If true, coarse root
biomass could account for a much larger portion of the global carbon budget than
previously thought. Data from the three study sites suggest that there is a significant
amount of belowground biomass in the form of coarse roots that needs to be accurately
accounted for in local and global scale carbon budgets, particularly in the face of climate
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change. Accurate quantification of coarse root biomass, architecture, and growth patterns
is essential for accurate assessment of any changes to root systems as a result of climate
change.
Recommendations for Future Work
Further testing of GPR needs to continue as the overall abilities and limitations of
the technology are becoming more and more well known, but have not yet been adequately
quantified on a fine scale. Additionally, GPR should continue to be applied to new and
various systems as it has been proven reliable in a number of tasks, particularly large scale
biomass estimation, but has not yet been widely applied outside of a small range of
systems, typically composed of sandy soils.
The striking underestimation of large root diameters during the methodological
study conducted in the Blackwater Preserve warrants further study, as a number of
previous GPR studies have shown that GPR has the ability to accurately quantify coarse
root diameters (Butnor et al. 2001, Baron and Montagu 2004, Cox et al. 2005, Dannoura et
al. 2008, Hirano et al. 2009, and Cui et al. 2011). This body of work suggests that the
underestimation seen in this study was an exception and it would be of particular use to be
able to understand why these roots were significantly underestimated.
Further study into root moisture content also appears to be warranted, as many of
the parameters tested in this study appeared to be linked to the water content of either the
soil, the roots, or the differential between the two. This study only approximated root
moisture content by using fresh root segments wrapped in parafilm or oven-dried roots reacclimated to ambient soil moisture levels. As such, root moisture content was not
specifically measured, but could prove useful for determining the specific relationship
between soil moisture levels, root moisture content, and GPR effectiveness.
The legacy effects seen in the elevated CO2 plots at the Kennedy Space Center study
site demonstrate a need for better understanding of coarse root dynamics, specifically the
potential for future changes to coarse root dynamics as a result of continued climate
change as well as the possibility that elevated CO2 has already begun altering coarse roots
and carbon allocation strategies. GPR could prove critical to understanding these changes
as it offers the potential for long-term monitoring without a need for destructive
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observation. Utilizing GPR to monitor and quantify changes in root systems as atmospheric
CO2 continues to rise will allow for better understanding of the carbon budgets of
terrestrial systems as well as possibly opening up an opportunity to assess any potential
changes to carbon allocation strategies of terrestrial plants in response to climate change.
At this time, this research indicates that the most pressing need for future work
related to GPR come in the form of continued software and hardware improvements as
well as continued research into the ideal range of parameters necessary for maximizing the
utility of GPR collected data. There is a large subjective component to GPR collected data
related to coarse root systems and a steep learning curve for effective application of both
hardware and software. There also does not appear to be a specific protocol for data
collection that applies universally, rather, successful GPR application is site specific and
demands a user with a strong knowledge of the equipment and how to appropriately
manipulate settings in order to gather accurate data. Further clarification and examination
of the various protocols that are effective, combined with how they are affected by
changing systems and environmental factors, will greatly increase the utility of GPR for
root quantification. GPR is not the perfect tool for coarse root observation, but it is an
accurate and effective tool for gathering a variety of data related to coarse roots and should
continue to be utilized along with other established methods.
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